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INTERACTIONS  OF  HIGH-ENERGY  PARTICLES  AND  ATONIC  NUCLEI  WITH  NUCLEI. 

V.  s.  Barashenkov,  v.  o.  Toneyev. 

Page  468. 

Chapter  7. 

INTRANUCLEAR  CASCADES  WITH  MANY-BODY  INTERACTIONS. 

§80.  Intranuclear  cascades  with  superhigh  energies. 

Study  of  the  interaction  of  particles  with  nuclei  with  the 
superhigh  energies  T >>  10  GeY  con jugate/coabined  with  considerably 
great  difficulties  gives  the  less  deterained  conclusions,  than  in  the 
area  of  acceleration  energies.  This  is  caused,  in  the  first  place,  by 


DOC  * 77106901 


PAGE  2 


an  inaccuracy  in  the  expeciiental  data  on  the  interactions  of  space 
particles  with  nuclei,  which  inpedes  cciparison  with  the  experinent 
of  the  results  of  the  calculations  (specifically,  in  many  cases  - 
especially,  when  natter  concerns  photoeiulsion  data,  energy  of 
initial  particle  is  known  only  by  order  of  value),  in  the  second 

place,  by  the  large  laboriousness  of  the  calculations,  in  the  course 
of  that  also  hundred  of  cascade  particles.  Furthermore,  in  the  area 
cf  space  energies  we  still  conparatively  little  know  about  the 
properties  of  the  interactions  of  eleneotary  particles;  therefore  the 
infornation,  embedded  into  the  calculations  of  intranuclear  cascades, 
is  very  assuaed,  and  this,  in  turn,  it  cannot  but  pronounce  on  the 
results  of  the  calculations. 

Nevertheless  the  use  of  the  contenporary  high-speed  calculators 
and  the  statistical  analysis  of  known  experinental  data  make  it 
possible  all  the  sane  to  sake  a series  sufficient  reliable 
conclusions  about  the  nechanisa  of  the  interactions  of  particles  with 
nuclei  with  superhigh  energies. 

Among  known  at  present  experinental  data  especially  inportant 
value  for  the  calculation  of  intranuclear  cascades  has  a conclusion 

about  the  fact  that  among  secondary  particles,  which  are  formed  with 
inelastic  » - N-  or  N - N-collisions,  is  a particle,  which  on  the 
basis  of  its  properties  substantially  is  isolated  among  all  remaining 


DOC  » 77106901 


PAGE  3 


{:actlcles.  This  leading  particle  takes  away  on  the  average  about 

60-70O/O  of  total  energy  of  colliding  particles.  ' 

A siailar  effect  occurs,  also,  in  the  area  of  accelerative  j 

energies;  however,  there  it  not  so  is  noticeable,  since  kinetic  1 

energy  of  the  leading  particle  still  not  is  not  very  great  in  | 

coaparison  with  its  rest  aass;  therefore  its  properties  strongly  do 

. 

not  differ  fron  the  properties  of  other  being  torn  particles.  In  the 

area  of  space  energies  the  existence  of  such  the  slowly  discarding  i 

its  energy  "rod"  p:.rticle,  kinetic  energy  of  which  considerably 

exceeds  aediun  energy  of  other  secondary  particles,  of  course, 

significantly  it  nanifests  itself  the  development  of  intranuclear 

cascade. 


In  works  [14-17]  the  calculations  of  intranuclear  cascades  were 
carried  out  on  the  assumption  that  at  the  fixed  value  of  total  energy 
of  the  characteristic  of  particles,  which  were  being  formed  in 
elementary  inelastic  event/report  in  the  system  of  their  center  of 
inertia,  they  do  not  depend  neither  on  the  type  colliding  nor  on  the 
type  of  the  being  born  particles. 


Page  469. 


( 


tith  the  energies,  greater  than  several  dozen  gigaelectron-volt,  this 
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assumption  equivalent  to  the  exception/elimination  of  particles  of 
the  cascade/St age,  generated  by  the  leading  particle,  since  this 
particle  only  insignificantly  changes  distant  "tail”  of  the  total 
energy  spectrua,  and  energies  of  particles,  determined  by  this 
spectrum  with  the  aid  of  the  Honte-Carlo  method,  virtually  almost 
never  are  equal  to  energy  of  the  leading  particle.  Although  the 
average  characteristics  nuclon-  of  nuclear  interactions  in  this  case 
are  obtained  by  sufficiently  close  tc  those  observed  in  experiment, 
it  is  possible  to  compare  them,  of  course,  only  with  that  part  of  the 
experimental  data,  which  does  not  include  the  leading  particle.  (This 

especially  is  substantial  for  the  xediux  energy  of  shower  particles, 
which,  it  is  completely  understandable,  proves  to  be  considerably 
smaller  than  its  experimental  value). 

In  two  following  paragraphs  we  with  the  aid  of  the  methods, 
developed  in  Chapter  4 and  6,  will  examine  in  detail  the  complete 
intranuclear  cascade  of  two-body  interactions,  which  includes 
contribution  "rod",  leading  particle,  the  contributions  of  the 
subsequent  generations  of  all  other  being  born  particles  and 
evaporative  cascade/stage  [5,  6,  10].  This  will  allow  us  to  explain, 
how  conventional  cascade  a model  will  agree  with  the  results  of  space 
experiments. 


It  should  be  noted  that  as  a result  of  above  difficulties 


(inaccuracy  in  the  expeciaental  data  and  the  large  laboriousness  of 
calculations)  indicated  the  calculations  in  the  area  of  space 
energies  even  for  the  lov-energy  coaponent  of  intranuclear  cascade 
are  carried  out  within  the  franework  of  the  sixplified  model.  The 
basic  simplifications  are  connected  with  failure  of  the  continuous 
energy  dependency  of  the  characteristics  of  interaction  and 
transition  to  the  characteristics,  averaged  on  the  large  energy  range 
of  incident  particle  T,  and  also  with  the  statistical  character  of 
the  execution  of  the  law  cf  conservation  of  energy  - 
momentum/impulse/p ulse  in  elementary  inelastic  collisions.  It  is 
understandable  that  in  this  case  some  parts  of  phenomenon  can  remain 
that  which  was  not  noticed. 

The  further  generalization  of  cascade  model  is  the  account  of 
many-body  interactions  within  nucleus.  Fundamental  difficulty  in  the 
examination  of  many-body  interactions  consists  in  the  fact  that  at 
present  virtually  completely  nothing  not  is  known  about  their 
properties,  to  say  nothing  of  the  numerical  value  of  their 
characteristics,  necessary  for  the  calculation  cf  cascade/ stages. 

More  reasonable  now  is  represented  the  re verse/in verse  formulation  of 
the  problem:  to  obtain  the  information  about  many-bcdy  interactions 
from  the  comparison  of  the  results  of  cascade  calculations  with  the 
known  experimental  data  on  the  interactions  of  pions  and  nucleons 
with  different  atomic  nuclei  over  a wide  range  cf  energies.  The 
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calculation  follows,  is  terninated,  to  begin  with  naxioally  simple 

and  most  common/general/total  assumptions  about  the  character  of  such 
interactions  and  to  detail  them  only  as  this  becomes  completely 
necessary  for  the  matching  of  the  results  of  the  calculations  with 
experiment.  It  is  possible  to  hope  that  this  approach  gives  the 
determined  guarantees  against  the  inclusion  into  the  theory  of 
unjustified  speculative  cell/elenent  [3,  6,  7,  9]. 

One  should  emphasize  that  the  inelastic  collisions  of 
high-energy  particles  with  nuclei  represent  now  unique  possibility  to 
experimentally  approach  the  study  of  the  many-tcdy  interactions  of 
elementary  particles. 

Besides  the  method  of  statistical  simulation  for  the  description 
of  the  inelastic  interactions  of  particles  with  nuclei  with  high  and 
superhigh  energies  some  authors  utilized  the  model,  based  on  the 
assumption  that  the  initial  particle  in  its  path  within  target 
nucleus  forms  the  "tube"  of  the  highly  excited  nuclear  substance, 
which  then  statistically  decomposes  to  nucleons  and  mesons.  Still 
recently  this  approach  was  very  popular,  however,  as  shows  more 
careful  examination,  the  model  of  tube  more  or  less  correctly  it 
reproduces  only  the  those  experimental  data,  which  are  determined  in 
essence  by  the  kinematics  of  process.  As  we  will  see  below,  with 
superhigh  energies  the  intranuclear  cascade  to  a considerable  degree 
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also  is  realized  in  a coniparatively  narrow  angular  tunnel,  in  this 
case  tae  kinematics  turns  out  to  be  in  general  terms  close  to  of  the 
occurring  in  the  model  tube.  This  explains  certain  success  of  this 
model  in  the  first  works.  To  short  discussion  of  these  guestions  is 
dedicated  the  last/latter  paragraph  of  this  chapter. 

Page  470. 


§81.  Model  of  high-energy  cascade/stages  with  two-particle 
collisions. 


Nuclear  model  and  the  experimental  data,  used  for  the 
calculation.  For  the  description  of  target  nucleus  let  us  as  before 
apply  the  model  of  fermi  gas.  Nuclear  radius  is  placed  equal  by  R = 
1-4  A1/3.10--13  cm.  The  diffusivity  of  nuclear  boundary  for  simplicity 
let  us  disregard  ». 


FOOTNOTE  *,  In  the  area  of  high  energies  the  results  of  the 
calculations  turn  out  to  be  very  sensitive  to  the  selection  of  the 
value  of  coefficient  to  in  formula  for  E;  specifically,  because  of  a 
large  multitude  of  particles,  which  are  born  in  each  event/report  of 
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inelastic  interaction,  even  a snail  increase  in  the  mean  free  path  of 
particles  within  nucleus  (X  r^o)  loads  to  a noticeable  decrease  in 

the  nunber  of  shower  particles,  which  escape  frco  nucleus. 
ENDFOOTNOTE- 


[ 

i 

i 


\ 

! 

r 


i 
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In  accordance  with  the  known  now  experimental  data  on  the 
interactions  of  elementary  particles  ( see  surveys  [11,  18,  19])  let 
us  consider  that  with  T >>  1 GeV  average  number  of  particles,  which 

are  formed  during  inelastic  collision,  does  not  depend  on  the  type  of 
the  colliding  particles  and  wholly  is  determined  by  the  value  of  the 

kinetic  energy  T: 

n(r)~3-7’’*.  (7. 1) 

This  dependence  describes  well  the  experimental  data  in  the  area  of 
the  accelerative  energies  30  GeV.  With  large  energies,  generally 

speaking,  it  is  difficult  to  select  between  the  exponential  (7.1)  and 

logarithmic  dependence  n - In  T;  however  dependence  (7.1)  to  our  view 
is  more  preferable,  since  it  makes  it  possible  to  approximate 

experimental  points  in  wider  energy  range  2. 


FOOTNOTE  *-  Another  version  of  cascade  calculations  consists  in  the 
fact  that  the  value  of  many  being  born  particles  n (T)  for  each 
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^ -!•  m,-) 

n J 

event/ceport  of  inelastic  interaction  is  detecaioed  fcoa  condi 
where  is  the  developed  on  experimental  histograa  kinetic 

energy  of  i secondary  particle;  >>^^1  ~ its  aass;  k is  a coefficient  of 

anelasticity ; - total  energy  of  the  colliding  particles  in  the 

center-of-gravity  system  (coap.  with  foraula  (7.3)).  Drawing 
conducts  taking  into  account  the  law  of  conservation  of  energy  (see 

Chapter  4}  . However,  as  showed  coaparative  calculations,  the  results 
weakly  they  depend  on  the  method  of  the  determination  of  number  n. 
ENDFOOTNOTE. 


Let  us  also  assuae  that  in  the  inelastic  collision  of  pi-meson 
with  nucleon  with  T > 200  GeV  the  average  number  of  being  born  heavy 
particles  (k-aesons,  baryons,  antis-baryon)  is  10o/o  of  total  number 
of  all  secondary  particles: 

n-iC^OJn.  (7.2) 

With  T < 200  GeV  the  average  number  of  heavy  particles  let  us 

place  equal  to  unity.  The  considerations,  which  lie  at  the  basis  of 
these  assumptions,  consist  in  the  fact  that  for  w - N-inte ractions  in 
the  area  of  accelerative  energies  the  value  of  relation  Hrhi 
approximately  half  than  for  N - N-  interaction  ; we  consider  that 
this  relationship/ratio  is  retained  with  high  energies.  The  selection 
of  wall  energy  T = 200  GeV  is  very  conditional  and  is  determined  only 


DOC  * 771  06  901 


PAGE  10 


theses  that  forsula  (7.2)  is  used  only  in  the  acea,  where  0.  In  >>  1 
(see  [ 11,  18,  19])  . 

For  the  inelastic  collisions  of  heavy  particles  with 
intranuclear  nucleons  let  us  assume  — 0,2^,  if  T > 200  GeV 

and  if  T < 200  GeV  [11,  18,  19].  In  accordance  with  such 

distributions  of  the  aass  of  the  being  lorn  particles  we  will  fulfill 
relativistic  transf oraations  froa  the  center-of-gravity  system  (more 
accurately  - from  C-systea,  see  §47,  49)  of  the  colliding  particles, 
where  are  assigned  all  the  characteristics,  which  describe  elementary 
event/report,  to  the  laboratory  coordinate  system. 

Page  471- 

? 

Since  in  the  area  of  energies  T of  the  order  several  dozen 
gigaelectr cn-volt  and  above  are  sufficiently  are  reliably  kncwn  only 
the  total  monentun  distributions  of  the  being  tern  particles, 
averaged  according  to  heavy  and  low-mass  particles,  with  these 
energies  for  all  types  of  the  being  born  particles,  with  the 


exception  of  the  leading  nucleons  *,  in  the  center-of-gravity  system 
let  us  utilize  the  identical  energy  distr iluticcs  (^).  taken,  for 
example,  from  experimental  works  [29,  32,  34]. 
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FOOTNOTE  As  the  leading  particle  for  a concreteness  further  let  us 
examine  nucleon  which,  however,  is  unessential,  so  energy  of  this 
particle  is  very  great  in  comparison  with  its  rest  mass.  ENDPOCTNote. 


It  is  assumed  that  these  distributions  do  not  depend  also  on  the  type 
of  the  colliding  particles.  (Unlike  the  energy  distributions  of  the 

distribution  of  the  secondary  heavy  and  low-mass  particles  according 
to  momentu n/impulse/pulses  considerably  they  are  distinguished). 

In  the  area  of  the  accelerative  energies  T ^ 30  GeV  for  the 
being  born  pi-mesons  and  nucleons  let  us  utilize  those  which  ate 
being  distinguishing  distribution. 

The  medium  energy  of  leading  nuclecn  = I /n.v  it  is  possible 

to  define  in  the  center-of-gra vity  system  of  the  colliding  particles 
as 

(7.3) 

where  ?c  is  total  energy  in  the  center-of-gr avity  system,  k - the 
average  coefficient  of  anelasticity,  which  in  accordance  with  the 
experimental  data  let  us  place  equal  to  0. 3-0. 4 2. 
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FCOTMOTE  z.  It  is  not  difficult  to  fulfill  the  calculation  in  such  a 
way  that  the  values  of  coefficient  of  k will  he  developed  in  the 
experimental  histogran  v (k) . However,  the  results  of  this 
calculation  do  not  differ  from  those  which  are  obtained  in  the 
case,  when  for  k is  used  its  average  value  [6]. 

Another  method  of  the  determination  of  energy  of  the  leading 
particle  consists  in  the  fact  that  for  the  assigned  number  of 
particles  n = 3T»/*  on  experimental  histograms  are  developed  the 
values  of  kinetic  energy  j for  (n  - 1)  a particle  and  total  energy 
of  the  leading  particle  is  set/assumed  egual  to 

n-\ 

^.1=' ^C—  S (7.3a) 

i - 1 

The  results  of  the  calculations  in  all  cases  turn  out  to  be  close. 
ENDFOOTNOT E- 


The  average  kinetic  energy  of  remaining  particles,  obviously,  i 
equal  to 

JT  — — C — l)'7z.v}/(n—  1).  (7.4) 

This  value  will  agree  well  with  the  average  kinetic  energy, 
calculated  directly  from  distribution  W (^)  fcr  the  appropriate 
value  of  T.  Hith  the  very  high  energies 
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After  the  isolation/libecation  of  the  leading  nucleon  the  angular 
distributions  of  all  renaining  secondary  particles  with  T >>  10  GeV, 
just  as  their  energy  distributions,  let  us  consider  not  depending  on 
the  type  of  these  particles  (in  the  center-of-gravity  systen) . It 
follows,  however,  to  keep  in  Bind  that  unlike  erergy  distributions 
the  angular  distributions  of  secondary  particles  depend  substantially 
on  the  type  of  the  colliding  particles:  in  N - H-collisions  secondary 

particles  disperse  on  the  average  synmetr ically  relative  to  angle  9 = 
»/2,  while  in  v - N-coilisicns  occurs  considerable  asymnetry  [ 18, 

19]. 

As  concerns  the  angular  distribution  of  the  leading  particle, 
about  this  at  present  known  only  that  it  escapes  predoaina ntly  at 
snail  angle  to  the  direction  of  initial  particle.  Respectively  all 
other  particles  in  the  center-of-gravity  system  oust  escape 
predoninaotly  to  reverse  side,  in  order  to  coapensate  for  the  high 
aoaentoa/iapulse/pulse  of  the  leading  particle. 

Page  472. 


For  the  rough  estimate  of  the  angular  region  of  the  escape  of 
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the  leading  nucleon  it  is  possible  to  use  the  celationship/cat io 

p.,  cos  0.,  -=  - --  (wj  _ I ) cos  0 — cos  «,  (7 

by  the  being  approxiaate  consequence  of  the  lau  of  conservation  of 

■onentua/iapulse/pulse  in  the  center-of-gravity  systen.  In  this 
relationsh ip/ratio  P.i<  Pr,  Pn  - the  respectively  aean 

■onentun  of  the  leading  nacleoa,  all  reiaining  being  born  heavy 
particles  and  pi-nesons,  ^.i  nnd  cos  9 - the  average  cosines  of 

the  angles  of  eaission  of  the  leading  particle  and  all  renaining 
particles.  (Recall  that  angular  distr ikutions  (0)  (0)). 

By  assigning  values  of  cos  9,  calculated  according  to  the 

experiaental  angular  distr ibntions  w (0),  it  is  possible  to 
rate/est inate  value  cos  0.,  and  to  approxiiately  construct 

distribution  t^’.i  (U)  with  this  value  of  the  average  cosine. 

In  the  case  of  N - N-collisions  on  the  strength  of  the  synnetry 
of  the  initial  systea  the  leading  nuclecn  in  the  half  of  t he  cases 
escapes  at  an  angle  0.,,  while  in  another  half  at  an  angle 
therefore  the  resulting  angular  distribution  it  is  obtained  by  the 
addition  of  two  distributions: 

Wa  (0)  = W.i  (0)  - )-  Ui-.-,  (vT  — 0) . 


Are  synnetrical  the  angular  distributions  also  of  all  other  particles 
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(0)  _=  (0^  I j£,  (jj  _ QJ 

For  the  construction  of  these  distributions  it  is  possible  to  use, 
for  exaaple,  the  experinental  data  froa  works  [20,  29,  32,  34], 

Since  for  w - N-collisions  with  T » 10  GcV  the  experiaental 
angular  distributions  of  secondary  particles  arc  unknown,  function  w 
(9)  in  this  case  let  us  select  auch  the  saae  as  for  particles,  which 
are  born  in  N - N-collisions  with  0 < m/2  (or  6 > w/2) : 

U^(O)~-^(0)=:£^(n-e). 

However,  iaaediately  let  us  eaphasize  that  in  spite  of  the  roughly 
qualitative  character  of  constructed  thus  distributions,  this  does 
not  introduce  any  essential  errors  into  the  results  of  cascade 
calculations,  since  as  a result  of  the  relativistic  coapression  of 
angles  with  transition  to  the  laboratory  coordinate  systea  the 
detailed  fora  of  angular  distributions  in  the  center-of-gr avit y 
systea  turns  out  to  be  not  very  iaportant. 

Vith  energies  T ^ 30  GeV  of  nucleons  and  pi-aesons,  which  are 
born  in  inelastic  collisions,  it  is  possible  tc  utilize  experiaental 
histograas  (see  survey  [18]  and  literature  to  the  figures  of  dhapter 
4)  or  to  be  based  on  the  polynoaial  apptoxiaaticn,  described  into  §48 
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and  50. 


For  the  descciftion  of  angular  distributions  elastic  N - N-  and 
w - N-interactions  in  the  region  of  energies  T ^ 30  GeV,  where  there 
is  no  experimental  data,  let  us  apply  the  optical  model,  which,  as 
this  was  shown  in  Chapter  2,  it  will  agree  sufficiently  well  with 
experiment  in  the  area  of  accelerative  energies.  However,  since  at 
high  energies  the  overwhelming  majority  of  the  elastic  scattered 
particles  is  concentrated  at  very  small  angles,  the 

concrete/specific/actual  selection  of  angular  distributions  turns  out 
to  be  not  very  essential. 

Generally  during  the  calculation  cf  the  intranuclear 
cascade/stages,  initiated  by  the  particles  cf  very  high  energy,  after 
is  isolated  the  leading  particle,  the  detailed  information  about 
angular  and  energy  particle  distributions  in  elementary  collisions  is 
considerably  less  important,  than  during  calculations  in  the  region 
cf  accelerative  energies;  determining  in  this  case  are  the  kinematic 
factors  of  relativistic  transformations. 

Let  us  further  consider  that  all  pcssible  isotopic  states  in  the 
process  of  developing  intranuclear  cascade  are  eguiprobable,  i.e., 
all  the  utilized  in  the  course  of  calculations  experimental 
characteristics  of  the  elastic  and  inelastic  interaction  of 
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elenentary  particles  will  be  averaged  on  isotopic  back,  and  in  final 
results  the  half  of  all  heavy  particles  and  two  thirds  of  pi-mesons 
will  be  considered  charged  particles. 

Page  473. 

As  concerns  averaging  on  the  isotopic  spins  of  the  initial 
states  of  the  colliding  particles,  at  high  energies  this  it  is 
represented  by  completely  justified,  since  in  cascade/stage 
participates  the  very  large  number  of  particles  of  the  different 
signs  of  charge  and,  furthermore,  with  an  increase  of  energy  the 
isotopic  dependence  of  strong  interactions  generally  is 
attenuate/weakened;  at  the  same  time  the  average  numbers  of 
particles,  which  are  distinguished  by  the  projections  of  isospin,  in 
the  final  states  of  inelastic  interactions  they  can  turn  out  to  be 
somewhat  different  from  each  other  (see  §26).  Unfortunately,  if  we 
utilize  some  very  speculative  assumptions,  at  present  nothing  cannot 
be  assumed,  besides  complete  isotopic  symmetry.  As  we  will  see  below, 
our  basic  conclusions  actually  do  not  depend  on  this  assumption. 

For  simplification  in  the  calculations  entire  region  of  energies 


we  will  divide  into  eleven  intervals:  <0-5;  0.5-1;  1-3;  3-7;  7-10; 
10-30;  30-  175;  175-375;  375-635;  625-875;  >875  GeV-  In  each  of  these 
intervals  the  angular  and  energy  distributions  of  the  being  born 
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particles,  obtained  by  the  averaging  of  the  experiocntal  data,  let  us 
consider  constants. 

The  interaction  cross  sections  of  nucleons  and  pi-aesons  with 
intranuclear  nucleons,  the  defining  range/paths  and  the  types  of  the 
interaction  of  particles  within  nucleus,  let  us  consider  as  the 
continuous  functions  of  energy.  Scatteriqg  cross  section  with 
overcharging  will  include  in  section  since  the  signs  of 

electrical  particle  charge  we  now  we  do  not  distinguish.  In  region  T 
> 20  GeV  of  interaction  cross  section  let  us  select  constant  and 
equal  to 


CT,  (A'.V)  = 39,5  nb;  (NN)  =32,5  ■ b ; . (AW)  - 7 at; 

(n/V)  = 24  nb : (Tin  (-nA')  = 20  ■ b ; Og,  (rA')  = 4 a b . 

A 

Calculation  aethod.  Let  us  follow,  in  essence,  the  procedure  for 
of  cascade  and  evaporative  calculation,  presented  in  the 
preceding/previous  chapters.  The  basic  difference  is  in  the  simpler 
calculation  of  the  range/paths  of  particles  (for  this  it  is  possible 
to  directly  utilize  a foraula  (4.22) , since  the  distribution  of 
substance  within  nucleus  is  assuaed  to  be  uniform),  also,  in  the 
statistical  exaaination  of  the  law  of  conservation  of  energy  (see 
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For  each  being  born  in  inelastic  intranuclear  collision  heavy  or 
low-Bass  particle  (with  the  exception  of  the  leading  nucleon)  must  be 
played  the  energy  S'  and  angle  of  eaission  9;  for  the  leading 
nucleon  energy  is  defined  by  relationsbip/rat ic  (7.3)  r and  angle  of 
eaission  is  developed  as  for  all  ether  particles. 

For  each  event/report  of  inelastic  interaction  the  average 
nuibers  nust  be  calculated  from  the  rules,  indicated  in  the 

preceding/previous  section.  When  one  or  both  these  numbers  turned  out 
to  be  fractional,  in  the  value  of  the  fractional  part  rose  up,  which 
nearest  integers  one  should  select  (with  deficiency/lach  or  with 
surplus).  At  each  value  of  energy  of  primary  nucleon  was  calculated 
not  lass  than  400  cascade/stages. 

In  the  case,  when  is  calculated  the  interaction  of  particle  with 
photoemulsion,  we  must  preliminarily  still  play,  by  which  nuclear 
component  of  photoe mulsion  occurred  this  interaction.  tJowever,  the 
results  of  such  calculations  turn  out  to  be  very  close  to  the  fact 
that  is  obtained  in  the  direct  examination  of  the  medium  nucleus  of 
photoemulsion  ^OGa  (either,  correspondingly,  the  neutral  light/lung, 
or  neutral  heavy  nucleus  of  photoemulsion). 
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Let  us  now  aove  on  to  the  discussion  of  the  results  of 
calculations  [5,  6 ]. 


§82.  Conparison  with  experiment. 


As  it  was  noted  in  Chapter  5,  certain  disagreement  of  usual 
cascade  model  with  experiment  is  exhibited  already  with  energies  of 
initial  particles  several  gigaelectron-volt.  Nevertheless  the 
propagation  of  such  calculations  for  the  region  of  space  energies  is 
of  large  interest,  especially  in  connection  with  the  explanation  of 
that  role,  which  they  play  the  leading  particles  in  the  mechanism  cf 
the  interaction  of  particles  with  nuclei 


FOOTNOTE  It  must  be  noted  that  the  cascade  calculations  in  the 
region  of  cosmic  energies  were  carried  cut  still  long  before  with  the 
aid  of  more  detailed  calculations  was  reveal/detected  a change  in  the 
mechanism  of  interaction  already  with  energies  7^5  GeV. 


Page  474. 


I 


Sections  of  nuclear  interactions.  The  calculated  by  the 


Honte-Carlo  method  reaction  cross-sections  ^in  within  the  limits  of 
statistical  errors  in  the  calculation  turn  cut  to  be  those  which  be 


independent  of  energy  of  incident  particle  and  close  to  the  results 
of  the  calculations  according  to  optical  model.  This  is  evident,  for 
example,  from  Table  107,  where  are  giver  the  results  of  the 
calculations  for  the  medium  nucleus  of  photcemulsion  ^“Ga  with  three 
different  energies,  and  from  Fig.  361,  where  with  experiment  is 
compared  the  interaction  cross  section  of  pi-meson  with 
photoemulsion.  The  absence  of  the  dependence  of  theoretical  sections 
on  energy  of  initial  particle  is  a direct  consequence  of  hypothesis 
about  the  constancy  of  sections  w - N-  and  N - N-interacticns  in  the 
region  of  high  energies.  All  these  results  are  determined  by  sections 
w - N-  and  N - N-collisions  in  nucleus  and  do  net  depend  on  detailed 
assumptions  about  the  mechanism  of  intranuclear  cascade. 


Many  being  born  particles.  The  comparison  cf  the  calculated  and 
experimental  values  of  the  average  set  s-  and  g-particles  is  given  in 
Table  108  and  109.  A theoretical  multitude  cf  s-particles  increases 
with  an  increase  of  energy  of  initial  particle  considerably  faster 
than  this  is  observed  on  experiment.  The  energy  dependency  of 
computed  values  with  T ^ 100  GeV  remains,  speaking  in  general  terms, 
the  same  as  for  accelerative  energies. 
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Fig.  361.  The  section  pion-  of  nucleec  interactions  (crosses 
showed  the  results  of  cascade  calculations  (Cq  = 1.4),  dotted  line 
the  calculation  according  to  optical  aodel.  Experimental  points  are 
taken  from  Table  6.). 

Key:  (1).  barn.  (2).  GeV.  (3).  Theories. 

Table  107.  Interaction  cross  section  of  proton  with  nucleus  '*Ga, 
designed  by  the  Honte-Carlo  method. 
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f/ ) 

7.  1:^9 

"in 

I-U  I.J5  1 

fM  1.4 

I'K) 

SIO  = 30 

872  = .32 

.=00 

817  ^ 31 

880 

1000 

fc23±32 

884  ^ 34 

Note.  Value  that  which  was  calculated  with  the  aid  of 

optical  model,  composes  with  T = lO^-IO^  GeV  of  approximately  820  mb. 
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Table  108.  Average  nunber  of  particles,  which  are  born  during  the 
inelastic  interactions  of  protons  with  photoenulsion. 


iro;  i]8 

_ ^ 1 
"s" 

i 

r 

1 

£ 

^^O.IWT 

75 

If), 2 0,2 

11,8  ■ 0,6 

9* 

11-0,1 

5,5  ‘ 0.2 

5 * 

l()0 

2-1.3  >-1  ,1 

15,-1  J 0,8 

9,5  • 

12.4  0.6 

6.3  0,3 

■10.2  ' ^.-l 

31  .8  1,6 

13,1  21 

25  1,2 

12,5  0.6 

< 7.0  1 .3 

i\  .7  4,3 

■16.6  ‘ 2,8 

IS. 8 ‘-4.2 

:'.3.5  2,0 

16. S 1,0 

^3.0  0.6 

luoo 

95,1  9.5 

61  ,3  ‘ 6,1 

20  • 

42. C ■ 4.2 

21  ,3  • 2.1 

5-103 

■C  26,9  ‘ 3.8 

<3.1  0.9 

Note,  n is  the  total  number  of  being  torn  particles;  n-^  - the 
number  of  being  born  charged  particles. 


Key:  (1).  GeV.  (2).  Theories.  (3).  Experiment. 
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FOOTNOTE  ♦.  Corrected  value  is  obtained  by  interpolation  of 

known  experiaental  data  (see  Table  20).  ENCFOOTtiOTE. 

Page  475. 

Specifically,  the  nunber  of  being  born  shower  particles  'i,  --  y 
where  a ~ 0.6;  at  the  saae  tiae  experiaental  dependence  ".(>') 
corresponds  to  index  a s 1/4  and  is  clcse  tc  the  fact  that  is 
observed  in  the  case  of  N - N-collisions. 

Considerably  faster  than  in  experiaent,  gtcw/rises  an  average 
aultitude  of  g-particles;  ary  tendencies  toward  the  retardation  of 
this  increase  in  interval  of  T * 10*-103  GeV  net  noticeably,  vice 
versa  - experiaental  values  n*  they  reaair  alaost  constants  with  T 
>>  10  GeV  (see  Fig-  128). 

Kith  T » 10  GeV  the  difference  between  the  calculated  and 
experimental  values  nt  and  turns  cut  tc  be  the  so  large  that  it 

cannot  be  removed  by  any  reasonable  variation  cf  the  used  during 
calculations  experiaental  data  on  high-energy  » - N-  and  N - 
N-interact ions.  The  reason  for  so  powerful  a disagreement  consists  in 
the  fact  that  kinetic  energy  of  the  leading  particle  with  the 
development  of  intranuclear  cascade  decreases  sufficiently  slowly; 
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therefore  not  only  with  the  first,  but  also  during  each  subsequent 
inelastic  interaction  of  the  leading  particle  with  the  nucleon  of 
nucleus  it  is  formed  a large  quantity  of  secondary  particles.  If  we 
do  not  consider  the  contribution  of  the  leading  particle,  then  the 
average  number  of  secondary  particles  proves  tc  be  sufficient  to 
close  to  experimental,  although  in  this  case  the  theory  gives 
somewhat  high  values  [14-17]. 

In  the  region  of  accelerative  energies  of  the  property  of  the 
leading  particle  comparatively  they  differ  little  from  the  properties 
of  other  secondary  particles  and  intranuclear  cascade  taking  into 
account  leading  particle  (within  the  margins  of  error  in  measurements 
and  statistical  errors  in  the  calculaticn)  in  practice  it  does  not 
differ  from  the  cascade/stage,  designed  under  the  assumption  of  the 
complete  mixing  of  the  energy  between  all  particles,  which  are  formed 
after  inelastic  N - N-and  » - N-collisicns. 


It  should  be  noted  that  independently  from  assumptions  about  the 
tele  of  the  leading  particle  the  cascade  g-particles  in  accordance 


with  experiment  almost  wholly  consist  of  nucleons.  As  concerns  ; 

j 

evaporative  particles,  since  average  number  of  g-particles,  and, 
therefore,  and  the  number  of  chase/dislodged  and  the  nuclei  of  j 

nucleons,  greatly  exceeds  experimental,  the  excitation  energy  of  ] 

remmnent/cesidual  nuclei  also  it  turns  out  to  be  exaggerated  and  the 

characteristic  of  evaporative  particles  considerably  they  differ  from 
the  experimental. 


I 
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Tatle  109,  Average  nuaber  of  particles,  which  are  born  during  the 
inelastic  interactions  of  protons  with  cucleus  with  T = 100  GeV 


Note.  All  designations  are  the  saae  as  in  Table  108.  In  brackets 


Theories 
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Table  110.  Average  kinetic  energy  of  particles^  which  are  born  during 
the  inelastic  interactions  of  protons  with  nuclei  and  ^®Ga. 
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i2C  ! 

1 -yOa 

< / 1 

SCO  r *s',  ’''Cia 

J 0»  /■>#. 

‘ 0,3 

3,P  ',0,2 

6,5  ‘ 0,4 

10,1  0.9 

./"s 

2.1  ' 0,1 

I ..■;3  ‘ 0,07 

2,96  * 0,02 

4,0  -0,4 

C2, 0 10,3) 

(2.!  .0,9) 

■''.1 

f,3i3 

11.5 

200:1 1 4 

590i()0 

.C 

100 ‘.10 

1 

1 

140  ‘.10 

1 50  -.10 

Note.  rZ  is  the  aediuii  energy  of  all  shower  particles;  j;  - 
the  aediuB  energy  of  shower  particles  nious  leading  particle.  In 
brackets  for  a coeparison  are  shown  experimental  values  (see  Table 
49). 


Key:  (1).  GeV- 
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The  energy  spectra  of  the  being  born  particles.  From  Table  110, 
where  are  compared  the  calculated  and  experimental  values  of  the 
average  kinetic  energy  of  the  being  born  particles,  and  from  the 
histograms  of  Fig.  362  it  is  evident  that  calculated  kinetic  energy 
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of  shower  particles  rapidly  grow/rises  with  an  increase  in  the  energy 
cf  priaary  nucleon  and  considerably  changes  during  passage  froa  light 

nuclei  to  heavy.  On  the  contrary,  kinetic  energy  of  the  cascade 
g-particles  practically  is  constant  in  the  wide  interval  of  T ar 
10-10’  GeV  and  very  weakly  depends  on  the  aass  number  of  target 


nucleus.  Since  the  leading  particle,  which  escapes  from  nucleus,  ' 

takes  away  about  (54-3)  o/o  energy  of  primary  nucleon  (if  k r 0.3),  , 

the  average  values  Ss  «nd  3r',  substantially  are  distinguished.  ] 

Between  experimental  and  theoretical  energies  of  shower  particles  < 

•I 

occurs  considerable  disagreement;  however,  this  disagreement  not  as 
is  impressive  as  for  the  average  numbers  n^.  Theoretical  value  ^~g  ' 

very  close  to  experimental  values  130  i 12  MeV  and  fg  1 

170  by  MeV,  obtained  in  experiments  with  T = 9 and  16  GeV  (see  §32). 


Distribution  according  to  transverse  impulse.  Transverse  ’ 

impulses  being  born  s-  and  g-particles  in  all  energy  range  T >>  10  in 
question  GeV  in  practice  do  not  depend  on  energy  of  primary  nucleon 
and  on  the  mass  number  of  target  nucleus.  The  average  value  p for 
the  shower  particles,  which  are  born  in  photoeoulsion  with  T * 100, 

500  and  1000  GeV,  comprise  with  respect  410  ♦ 2C,  440  ♦ 20,  490  \ 

50  MeV/s;  for  the  g-particles  with  these  energies  = 350  ± 20.  j 

300  ♦ 20,  320  ♦ 30  HeV/s.  ] 


\ 


During  interaction  with  the  nucleus  of  carton  of  protons  100  GeV 


i 
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in  energy  p,,  ^-130^30  MeV/s,  330  +.  20  MeV/s. 

The  results  of  the  calculations  will  agree  rather  well  with  the 


Fig.  362.  Energy  distribution  of  the  sbcwet  particles*  which  are 


foraed  in  the  inelastic  collisicns  of  protons  100  GeV  in  energy  with 
the  nuclei  of  photoeaulsion.  Continuous  histograa  is  experiaent  [37], 
broken  and  point  histograas  are  a result  of  the  calculation*  Bade  in 
accordance  with  account  (see  §83)*  alsc*  without  taking  into  account 
of  aany-body  interactions  within  nucleus. 


(1)*  GeT 
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Fig.  363.  Distributions  according  to  transverse  particle  Bonientuoi 
froa  the  inelastic  interactions  of  protens  kith  carbon  and 

photoeaulsion.  Continuous  and  dot-dash  bistegrass  are  experiaental 
data  froa  works  [23,  27,  28].  Broken  and  point  histograas  are  the 
calculation,  aade  in  accordance  with  account  and  without  taking  into 
account  of  aany-body  interactiens  in  nucleus. 


Key:  (1).  GeV.  (2).  GeV/s. 
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Angular  distributions.  Part  of  the  obtained  results  is  given  in 
Table  111  and  in  Fig.  364.  Theoretical  distribution  for  shower 
particles  in  Fig.  364  is  sufficiently  close  to  experiaental.  The 

escape  of  cascade  g-particles  with  considerable  probability  cccurs  t 
wide  angles  0 > 90®.  Unfortunately,  the  experiaental  data  for  the 
g-particles  with  T > 30  GeV  at  present  thus  far  is  not. 


In  the  case  of  N - M-  collisions  froa  the  siaple  kineaatic 
considerations,  based  on  the  transf oraations  of  Lorenz,  it  follows 
that  the  angle  of  enission  of  the  half  cf  all  secondary  particles  in 
the  laboratory  systea  of  the  coordinates  of  Oi/*  ~ T-»/*.  In 
nucleon-nuclear  collisions  the  angle  of  vith  an  increase  of 
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energy  decreases  nore  slowly  (see  Table  111)  due  to  the  effect  of  the 
subsequent  collisions  within  nucleus,  which  correspond  to  the  sialler 
values  of  energy  T.  Therefore  the  use  of  a relationship/ratio  V 

for  determining  energy  of  initial  particle,  as  this  sometimes 
is  made  in  experimental  works,  can  lead  to  essential  errors. 

If  the  angular  distribution  of  shower  particles  for  a separate 
star  is  presented  as  function  by  alternating/variable  x = Ig  tg  0, 
then  in  many  instances  in  this  distribution  sufficiently  distinctly 
there  aretwo  maximums  ("protuberance").  Certain  irregularity, 
connected  with  these  maximuss,  can  be  noted  even  in  the 
distributions,  averaged  according  to  the  large  number  of  separate 
stars  (Fig.  365).  This  character  of  the  angular  distributions  of 
shower  particles  is  the  direct  consequence  of  the  double-humped 
character  of  the  used  during  calculations  angular  particle 
distributions  N - N-collisicns.  The  latter  one  can  see  well  from  Fig. 
366,  where  is  shown  the  evolution  of  the  angular  distribution  of 
shower  particles  with  an  increase  in  the  number  of  intranuclear 
collisions.  Hith  the  development  of  intranuclear  cascade  the 
secondary  interactions  smooth  angular  distribution;  therefore  in  the 
final  angular  distribution  of  shower  particles  double-peaked  nature 
is  considerably  less  noticeable,  than  for  initial  N - N- 
interactions,  especially,  if  distribution  is  ottained  summation  the 
large  number  of  stars. 


Table  111.  Average  angle  of  enission  in  the  labcratory  systea  of  the  j 

coordinates  of  the  half  of  all  shower  or  cascade  particles,  which  are  j 

formed  during  the  interactions  of  protcr  with  nuclei  and  ^ OGa.  ] 

i 

i 

( 


0i  cpad 

T 

I0( 

nc 

) J'st  ' 

1 "OGa  j 

500  lJ9.  •'*Ga 

103 /',?•;  -yGa 

9,3  ! n,5 

! 1 ,5.^:0 ,6 
(12) 

5,1  0,3 

(7) 

4,0  0,3 

(5) 

.S2t3 

51 ,5  (.2,0 

53  ^ 3,2 

53  i 6 

■ 

Note.  In  brackets  are  given  values,  obtained  by  interpolation  of 

known  experimental  data. 

Kf-y:  (')■  (a). 
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Fig.  364.  -^he  angulai:  distc  ibu  tiop  of  the  showec  particles,  which  are 

foroed  during  the  irteracticns  of  protccs  500  GeV  in  energy  with 
photoemuls ion.  Continuous  histogram  is  experiment  [35];  broken  and 
point  histogram  - the  result  of  the  cascade  calculations,  made  in 
accordance  with  account  and  without  taking  into  account  of  many-body 
interactions. 
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At  the  saoe  time  one  should  emphasize  that  the  angulaz:  particle 
distributions  in  N ~ N-  collisions  with  T > 30  GeV  are  known 
badly/poorly  and  their  variation  very  substantially  manifests  itself 
the  form  of  curves  Fig.  365  and  366.  Specifically,  if  we  for 
particles,  which  are  born  in  N - N-collisicns,  select  the 
distributions,  which  are  more  concentrated  in  regions  e ~ 0 and  6 ~ 
then  this  will  bring  to  considerably  the  mote  pronounced 
double-peaked  nature  in  Fig.  365  and  366,  hut  very  weakly  will 
pronounce  on  other  design  characteristics. 

On  the  histograms  of  dependence  on  variables  G or  cosfl 
inaccuracies  N - N-  angular  distr ibuticns  manifest  themselves 
considerably  weaker  than  distributions  ■ (Ig  tg  G)  . 

Conclusions.  We  see  that  the  model  of  the  inelastic  interactions 
of  high-energy  particles  with  nuclei  on  the  basis  of  the  cascade 
mechanism,  considered  as  series  of  two-hody  interactions,  sharply 
contradicts  experiment. 


I 


o\ L 1 1 I I _i 1 

-2,5  -2  -1,5  -1  -0,5  0 X 


Fig,  366,  The  angular  distribution  of  shower  particles  after  N ot  j 

intranuclear  collisions,  expressed;  in  alternating/variable  x = Ig  tg  ] 

j 

e,  during  interaction  p ♦ ^ OGa  with  I = 500  GeV. 
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The  greatest  disagreement  occurs  for  many  being  born  particles,  which 
in  experiments  with  T 5-.  100  GeV  proves  to  be  several  times  less  than 
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this  one  follows  frca  theory.  Other  experimental  and  theoretical 
characteristics  s-  and  g-particles  are  distinguished  not  so  strongly. 
In  principle,  it  would  be  possible  to  hope  to  latch  these 
characteristics  by  the  corresponding  variation  of  the  utilized  during 

calculations  experimental  data  on  » - N-  and  N - ■ N-interactions 

(within  the  limits  of  their  experimental  errors).  However,  in  all 
cases  the  calculated  and  experimental  values  of  many  being  born 
particles  substantially  are  distinguished. 

Since  the  overestimate  of  a calculated  multitude  is  connected  in 
essence  with  the  leading  particle,  and  the  angular  and  energy 
distributions  are  determined  predominantly  by  the  interactions  of 
secondary  particles,  the  further  improvement  of  cascade  model  must 
pass  first  of  all  in  the  direction  of  a reduction  in  the  number  of 
particles,  which  are  formed  during  the  intranuclear  interactions  of 
the  leading  particle.  To  this  reduction,  in  particular,  leads  the 
account  of  simultaneous  absorption  by  one  intranuclear  nucleon  of  the 

leading  particle  and  even  several  accompanying  particles,  which  are 
formed  together  with  it  in  preceding/previous  * - N-  or  N - 
N-collision  (see  Fig.  264).  Such  many-hcdy  interactions  are 
represented  by  very  probable,  since  particles  at  high  energies  escape 
into  narrow  solid  angle.  In  the  extreme  limiting  case,  when  all 
particles,  which  are  formed  during  interaction  with  one  nucleon, 
further  arc  absorbed  also  by  one  nuclecn,  etc  (Fig.  367) , the 
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ckaracterist ics  of  nuclecn-nuclear  and  nucleon-nucleon  (or 
respectively  pion-nuclear  and  pion-nucleon  interactions  are 
identical. 

One  should  expect  that  the  enlistment  of  lultiple-par tide 
interactions  will  lead  also  to  an  increase  in  the  two— peaked  nature 
of  angular  distributions  W (Ig  tg  0). 


Pig.  367.  Sxaaple  nucleon-  of  nuclear  interaction  with  very  high 
energy.  If  energy  of  the  prieary  nucleon  T is  so  great  that  the  angle 
of  enission  of  all  secondary  particles  in  the  laboratory  coordinate 
systea  becomes  very  snail,  all  the  interaction  can  turn  out  to  be 

that  which  was  localized  in  narrow  tunnel.  In  this  case  the 
properties  of  the  shower  particles,  which  escape  from  nucleus,  will 

be  the  sane  as  in  the  case  inelastic  I - M-collision  with  energy  T. 
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§81.  Account  of  lany-body  interactions. 


Model  and  the  calculation  procedure.  The  exanination  of 
iatranuclear  cascades  with  nany-body  interactions  leads  to  a 
considerable  increase  in  the  labor  expense  of  the  calculations,  since 
in  th  is  case  for  each  collision  of  initial  particle  with  nucleus  it 
is  required  not  only  to  statistically  play  and  to  aenorize  the 
coordinates  of  all  intranuclear  nucleons,  but  also  to  preserve  in  the 
aesory,  how  many  particles  already  absorbed  oqe  or  another  nucleon, 
nevertheless  the  contemporary  high-speed  machines,  in  any  case  during 
soae  simplifications,  make  it  possible  to  make  such  calculations  with 
sufficiently  good  accuracy. 

So  as  the  preceding/pcevious  paragraph,  we  will  describe  nucleus 
by  the  model  of  feral  gas  with  sharp  boundary  (rg  = 1.4). 

In  usual  cascade  theory  the  nucleus  is  considered  as  certain 
continuous  medium,  each  point  of  which  can  becoxe  the  independent 
center  of  the  emission  of  new  particles.  However,  if  with 
intranuclear  nucleon  collides  the  particle  of  very  high  energy,  then 
the  range/paths  of  formed  in  this  case  secondary  particles  frequently 
terminate  at  the  points,  distant  from  each  ether  at  the  distances 
smaller  than  the  diameter  of  nucleon.  In  this  case  it  is  ''Iready 
necessary  to  accept  into  consideration  the  size/dimensions  of 
intranuclear  nucleons  and  sufficient  to  accurately  know  the  location 
of  their  centers  within  nucleus. 
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In  the  general  case  this  pcoblea  is  very  ccaplex;  therefore  we  will 
be  restricted  soaewhat  siapler  picture  and  will  consider  that  the 
nucleons  are  approximately  evenly  distributed  in  spherical  layers 
with  thickness  AH  =V^7/2,  where  ^ 2.26*1C~>3  cm.  are  the  average 

distance  between  nucleons  in  nucleus.  If  in  certain  layer  nucleons 
cannot  be  arranged  from  each  other  accurately  at  a distance  'I , then 
some  two  of  then  let  us  arrange/locate  at  a distance,  somewhat 
smaller  or  larger  'I.  In  order  to  ensure  more  even  distribution,  the 
positions  of  the  centers  of  nucleons  in  two  adjacent  layers  let  us 
shift  relative  to  each  other  (Fig.  368). 

The  position  of  each  nucleon  in  nucleus  is  characterized  by 

three  numbers:  by  the  number  of  the  corresponding  spherical  layer  n 
by  angles  * * and  6 * in  certain  rigidly  connected  with  nucleus 
coordinate  system.  Used  by  us  nucleon  distribution  makes  it  possible 

to  find  simple  analytical  expression  fcr  ^ * and  8 * - in  this  and 
consists  its  convenience.  In  the  laboratory  coordinate  system 

respectively  e r 0 *,  6 = 8o  8 *,  where  the  common  for  all 

nucleons  angles  #0  and  Dg  eust  be  developed  independently  of  each 

other  with  each  new  interaction  of  initial  particle  with  nucleus. 

The  fundamental  blcck  diagram  of  the  calculations  is  given  in 
Pig.  369.  tn  general  terns  (parts  see  in  §81  and  in  chapter  4 and  6) 
calculations  are  reduced  to  the  following. 
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Fig.  368.  Nucleon  distribution  in  nucleus.  Distance  between  centers 
cf  two  any  adjacent  nucleons  is  equal  1.  It  is  considered  that  with 
nucleon  interact  all  particles,  caught  into  the  shaded  cell. 
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Fig.  369.  Diagcaa  of  the  calculation  of  intranuclear  cascades  with 
■any-body  interactions. 

(/).  or. 
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Page  482. 

Bloclt/aodule/unit  1-  Here  are  deterained  the  coordinates  of 
intranuclear  nucleons  in  the  laboratory  coordinate  system  and  the 
entrance  point  of  initial  particle  into  nucleus. 

Block/module/unit  2.  In  terms  of  the  assigned  experiaental 
values  of  total  cross  sections  ir  - N-  ct  N - N-interaction s o,'^  (T)  and 

Ot  ( O J 

/6  a € he  assumption  that  the  nucleus  on  the  average  is  the  homogeneous 
medium,  is  determined  the  range/path  of  particle  and  is  calculated 
the  vector  of  the  point  of  interaction  t (for  the  center  of  nucleus 
V" --0)  . If  r >>  H,  then  depending  on  whether  is  examined  initial 
particle  either  the  particle,  which  was  being  fcrmed  in  some 

preceding/previous  intranuclear  collisicn  (these  cases  we  will 
distinguish  the  values  of  the  parameter  a = 0 and  a = 1),  is  made  the 
passage  respectively  to  blocK/module/unit  1 or  to  block/module/unit 
3.  The  number  of  passages  to  block/module/unit  1 determines  complete 
reaction  cross-section  if  the  statistician  of  the  played  events 

it  is  considered  sufficient  and  the  calculation  on  this  concludes.  If 
r < R,  then  for  a = 0 is  made  the  passage  to  blcck/module/unit  5,  and 
for  a = 1 - to  block/module/unit  4. 


DlocJe/module/unit  3.  This  is  the  output  unit,  where  are 
constructed  the  total  distribution  of  the  different  characteristics 


ct  the  escaping  from  nucleus  particles. 


Unit  4.  In  this  unit  are  calculated  the  coordinates  (n,  *,  Q)  of 
the  intranuclear  nucleon,  with  which  occurred  the  interaction.  Let  us 
consider  that  with  nucleon  interact  all  particles  whose  range/paths 
conclude  in  the  cell,  which  corresponds  to  this  nucleon;  this  answers 
the  sinplest  assumption  about  the  section  of  many-body  interactions. 
The  cases,  in  which  the  number  of  such  particles  n = 1,  let  us 
characterize  the  parameter  p = 0,  the  cases  with  n > 1 (raany-body 
interactions)  - by  the  parameter  p = 1.  Is  calculated  the  ordinate  of 
the  center  of  nucleon  in  the  laboratory  system  cf  coordinates  z;  fcr 

interaction  with  the  minimum  value  of  z (Fig.  3'70)  one  should  pass  to 
unit  5- 

Unit  5.  Is  developed  Fermi's  three-dimensicnal 
lomentum/impulse/pulse  Pf-  Taking  into  account  Pf  is  made  the 
passage  to  the  center-of-gravity  system  o£  the  colliding  particles 
and  to  this  system  of  coordinates  L',  where  p' f 0 (comp.  §45). 

Further,  depending  on  value  p,  it  is  necessary  to  pass  to  units  6 or 

12. 

Unit  6.  Over  experimental  sections  r - N-  and  N - N- 
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interact ionsa^.j  (y'')a nda, „(/'), where  T'  - kinetic  energy  of  particle  (pion 
cr  nucleon)  in  systea  L*,  is  developed  interaction  mode  is  elastic  or 
inelastic  - and  depending  on  this  is  made  passage  to  units  ? and  9. 

Unit  7.  In  this  unit  is  aade  the  calculation  of  the  inelastic 
collision  of  two  particles.  This  part  of  the  calculations  coapletely 
coincides  with  the  appropriate  calculation  in  the  preceding/previous 
paragraph.  The  angles  and  the  nooentun/iapulse/pulses  of  the  bcrn 
particles  one  should  transfer  into  the  laboratory  coordinate  systea, 
after  which  necessary  to  pass  to  unit  8- 

Unit  8.  Break  of  cascade/stage  on  the  assigned  number  of 
intranuclear  collisions  N ♦.  If  the  number  of  preceded  collisions  N < 

N ♦,  then  for  each  particle  is  made  the  passage  to  unit  2;  but  if  N = 

N ♦,  then  to  unit  3.  For  the  checking  of  calculations  results  it  is 
expedient  to  issue  sometimes  consecutively  for  N * = 1,  2,  3; 
however,  for  the  calculation  of  complete  cascade/stage  value  N * is 
conveniently  placed  equal  to  one  of  the  greatest  machine  numbers,  in 
this  case  will  be  knowingly  considered  all  the  intranuclear 
collisions. 

Unit  9.  This  is  the  unit  of  the  calculation  of  the  elastic 
collision  of  two  particles.  This  part  of  the  calculations  also 
repeats  the  analogous  calculations  of  the  preceding/previous  paragraph. 
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Fi'j-  370.  The  particles,  which  were  being  born  in  point  z,  can 
interact  with  all  nucleons,  arrange/located  with  z > *i.  Interactions 
are  examined  alternately  from  (?i'Ki„h  to  {'1)^1:, in  this  case 
automatically  are  considered  all  "entanglements”  of  particle. 


Page  h83. 

If  kinetic  energies  of  particles  after  collisicn  and  r.  turn  out 
to  be  large  energy  S’r,  then  one  should  pass  to  unit  10,  but  if  J'l  oz  S' -l 
is  less  g- f,  then  it  is  made  passage  to  unit  8. 

Unit  10.  Determination  of  the  capture  of  particles  by  nucleus. 

All  particles  with  the  energies  smaller  than  energy  of  cutting  \- S f, 
enter  unit  11,  particles  with  energy  3' > S V S f are  transferred  to 
unit  8. 


Unit  11.  In  this  unit  is  summarized  the  excitation  energy  of 
nucleus  and  with  the  method,  described  in  chapter  6,  is  calculated 
the  process  of  its  evaporation. 

Unit  12.  Calculation  of  many-body  interaction.  This  calculation 
can  be  fulfilled,  on  the  whole,  on  themes  rules,  as  for  usual 
two-particle  collisions  (see  unit  7),  with  the  only  difference,  that 
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for  the  characteristic  of  interaction  one  should  utilize  not  the 
kinetic,  but  free  energy 


m. 


(7-7) 


uhich  it  can  be  expended  on  the  fornaticn  c£  ne«  particles  in  the 
center-of-gravity  systea.  Here  m.  aass,  Pic  the 
momentum/impulse/pulses  of  the  interacting  particles  (for 
intranuclear  nucleon-target  p,c  — Pi-c.  see  at>cve  point/itea  5). 


For  simplification  in  the  calculations  entire  region  of  energies 
is  conveniently  divide^  into  the  intervals:  <2;  2-J;  3-7;  7-10; 

10-30;  >30  GeV.  For  each  of  these  intervals  in  the  center-of-gravity 
system  must  be  assigned  the  angular  and  energy  distributions  of  the 
being  born  particl  es  W {6)  and  on  vhich  are  developed  the 

characteristics  of  these  particles.  (The  separation  of  the  region  of 
energies  indicated  is  utilized  only  for  the  calculation  of  the 
many-body  interactions,  about  characteristics  of  which  at  present  we 
nevertheless  can  speak  only  very  tentatively;  the  calculation  cf 
two-particle  collisions  one  should,  of  course,  produce  during  the 
considerably  smaller  separation  of  the  region  of  energies,  for 
example,  to  eleven  intervals,  as  this  was  made  in  the 
preceding/previous  paragraph).  As  in  §81,  the  laws  of  conservation  of 
energy  and  momentum  let  us  consider  only  on  the  average  for  the  large 
number  of  interactions.  This  method  of  the  calculation  of  many-body 
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I interactions  was  used  for  the  first  time  in  works  [3.7-9].  The 

I calculations  were  made  both  taking  into  account  the  foraation  of  the 

I 

> 

i leading  particle  and  without  it.  Energy  of  the  leading  particle  was 

determined  for  the  assigned  value  of  the  coefficient  of  anelasticity 
k in  formula  (7.3)  or  (7.3a);  in  this  case  were  examined  different 
values  k in  range  from  0.5  to  0.7. 

The  fact  that  substantially  isolated  on  energy  are  assumed  to  be 
a total  of  one,  but  not  several  secondary  particles,  is  caused  themes 
by  consideration,  that  in  usual  ir  - N-  and  N - N-  collisions  is 
formed  the  only  one  leading  particle;  therefore  in  the  subsequent 
many-body  interactions  with  the  nucleons  of  nucleus  among  the  initial 

particles  one  particle  proves  to  be  exceeding  on  energy  others.  This 
particle  to  a considerable  degree  determines  the  kinematics  of 
many-body  interaction. 

Again  let  us  consider  that  in  the  center-c f-gravity  system  the 
leading  particle  - nucleon,  although  in  the  region  of  high  energies  a 
difference  of  the  masses  of  particles  manifests  itself  very  weakly 
and  the  results  of  the  calculations  remain  virtually  the  same,  if  wc 
as  the  leading  particle  select  j^-meson. 


It  is  assumed  that  after  the  isolation/e vc lut ion  of  the  leading 
particle,  and  also  when  it  not  at  all  is  considered,  the  angular  and 
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energy  distributions  of  the  being  born  particles  on  the  average  are 
identical  for  all  types  of  aany-body  interacticns  regardless  of  the 
fact,  they  collide  transaction,  four  or  the  larger  number  of 
particles  (some  from  them  can  adhere  irto  resonons,  form  t uo~  or 
tri-nucleon  systems  or  even  compose  "fireball"  - fireball)  . 
Justification  to  this  can  be  seen  in  that  experimental  fact  that 
during  annihilation,  and  also  in  inelastic  * - N-  and  N - 
N- interact  ions  in  region  T 1 GeV  these  distributions  very  weakly 
depend  on  the  type  of  the  colliding  particles  and  are  determined,  in 
essence,  only  by  the  value  of  energy  f.  [11,  Ifl,  19]. 

Page  484. 

Many-body  interactions  can,  of  course,  occur  and  in  such  a way 
that  the  averaging  indicated  will  occur  only  fcr  part  of  particles, 
and  remaining  particles  will  have  distributions  as  during  elastic 
scattering.  However,  at  high  energies  of  the  section  of  the  elastic 
interactions  of  all  strongly  interacting  particles  they  compose 
comparatively  small  portion  of  their  total  cross  sections;  therefore 
in  contemporary  stage  this  elaboration  of  inelastic  many-body 
interactions  is  represented  by  still  premature.  At  the  same  time  we 

will  separately  consider  the  contribution  of  the  elastic  diffraction 
scattering,  which  corresponds  to  many-body  interactions.  In  this  case 


let  us  assume  that  the  section  and  scattering  occurs  on 
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the  average  by  angle  0 - X/z,  where  Jr  is  length  of  the  de  Broglie 
wave  of  being  scattered  particle,  and  r = 10-»3  cm.  - the  wean  radius 
cf  niultipa rticle  system,  equal  by  order  of  value  to  a radius  of 
strong  interactions.  In  the  region  of  high  energies  it  will  not  large 
error  consider  that  energies  of  particles  after  scattering  remain 
virtually  the  same  as  before  scattering;  energy  of  recoil  nucleon  let 

us  determine  from  that  condition  that  in  the  center-of-gra vity  system 
this  nucleon  escapes  to  the  side,  opposite  to  the  outgoing  directions 
of  the  being  scattered  particles.  After  relativistic  transformation 
to  the  laboratory  coordinate  system  kinetic  energy  of  recoil  nucleon 
is  approximately  100-150  MeV. 

The  number  of  secondary  heavy  particles  which  are  born  in 

many-body  interaction  with  not  very  high  energies,  let  us  set/assume 

equal  to  the  total  bar  yon  number  (oi  — 5),  but  for  the  region  of  very 
high  energies  to  consider  that  is  approximately  20o/o  of  total 

number  of  secondary  particles:  ri-,  — 0,2^.  As  boundary  it  is  possible  to 
utilize  the  same  value  cf  complete  free  energy  in  the 
center-of-gravity  system  1,  thatuna  in  the  case  of  two-body 
interactions.  If  numbers  n and  (one  or  both)  turn  out  to  be 

fractional,  then  according  to  the  rules,  indicated  in  §81,  one  should 
play  nearest  integer. 

Finally  angles  and  energies  of  all  secondary  particles. 
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calculated  in  unit 
coordinate  system. 

Let  us  examin 
In  this  case  since 
speaking,  can  be  r 
gigaelectr  cn-volt, 
superhigh  space  en 
energies,  where  th 

As  already  me 

many-body  interact 
of  resonances  and 

interesting  to  con 
these  data  diverge 

Photoemulsion 
interest  in  connec 


12,  must  be  transferred  into  the  laboratory 
after  which  it  is  made  passage  to  unit  8. 

e now  the  comparison  of  this  lodel  with  experiment. 

the  effect  of  many-tcdy  interactions,  generally 
evealed  even  with  energies  of  approximately  ten 
we  will  not  te  limited  to  the  region  only  of 
ergies,  but  let  us  examine  also  high  accelerative 
ere  are  disagreements  with  usual  cascade  model. 


ntioned  above,  the  cascade  model  in  question  with 

ions  phenomenologically  considers  the  contribution 
adhering  two-nucleon  systems;  therefore  it  is  quite 

pare  it  with  accelerative  data  in  the  region,  where 
from  usual  cascade  model. 


data  for  energies  T = 40-80  GeV  are 
tion  with  the  experiments,  made  with 


of  now  special 
accelerator  in 


Serpukhov  on  76  GeV 


1 
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§84.  Nucleon-nuclear  collisions 


The  designed  characteristics  of  shower  and  cascade  g- particles 
are  assenbled  in  Table  112-115  and  in  fig.  J62-364,  371-373  [4,  8] 
(with  T » 1 GeV  of  the  property  of  the  interactions  of  protons  and 
neutrons  with  nuclei  turn  out  to  be  identical).  For  a comparison  are 
shown  also  the  most  characteristic  experimental  data.  The 
calculations  are  made  for  the  neutral,  average-neutral  and  medium 
nuclei  of  photoemulsion.  In  tables,  furthermore,  are  given  the 
results  of  calculations  for  nuclei  ^'Al  and  *‘Fe.  Although  for  these 
nuclei  now  almost  there  are  no  experimental  numbers,  which  it  would 
be  possible  to  compare  with  theory,  as  a whole  Table  112-114  they 
make  it  possible  with  the  aid  of  simple  interpolation  to  obtain  the 
appropriate  estimations  for  compound  nuclei,  which  is  important  for 
the  calculation  of  targets  in  accelerative  and  space  experiments. 
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Table  112.  Average  nuabec  of  particles,  which  ace  born 


inelastic  interaction  of  proton  with  atonic  nucleus. 
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Nucleus. 


FOOTNOTE  *-  It  is  obtained  by  inter pclation  of  knovn  experimental 
data.  ENDFOOTNOTE. 
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Tabl*  113,  Average  kinetic  energy  of  particles  fro*  inelastic 
proton-nucleus  collision. 


0rJ« 

!^AJ’0 

j] , r 94 

- r® 

s.  fj. 

Jg,  M** 

..  C3) 

6.2 

Em 

1 ,00.t0,05 

148  + 7 

10,6  (.0,5 

9 

LEm 

— 

1 ,6  ‘.0,1 

1.50  ‘_10 
(132  1 20) 

— 

A1 

— 

1,5  ( 0,1 

140  '10 

10,5  4 0,7 

l-'e 



1 ,4-(-0,l 

l-IO  10 

10,3(:0,8 

Em 

— 

1 ,30  ^ 0,06 
(1  ,6  ( 0,,3) 

142  ( 7 
(120  { 10) 

10,0  + 0,5 
(11  1) 

11  Em 

I .20  0,06 
(!)♦ 

1 !0.i.7 

1 1 ,5.L0,6 

17 

Em 

1,8  (.0,1 

146  ( 7 
(170  LlO) 

12,5±0,6 

25 

LEm 

— 

3,2-1  0,2 

0 2,2+0,4) 

1.50  ;;10 

— 

A1 

— 

3, 0+0, 2 

140+10 

11,3  (-0,8 

Fe 

— 

2,6  ( 0,2 

I40~+10 

11 ,1  to, 8 

Em 

— 

2,4  ( 0,1 
(2,3 -(-0,2) 

140+7 

12,5  ‘ 0,6 

HEm 

I ,8  (-0,1 
(1 ,6_f:0,2) 

l-}0  4r7 

13,4+0,7 

50 

LEm 

3,1  V0,2 

155  ‘ 8 

Em 

I8±l 

2,6  ‘ 0,2 

150'  8 

13,0  4.0,7 

HEm 

16  Ll 

2, 1^0,2 

140  (.8 

13,5  4.0,8 

60 

LEm 

.‘5  t 1 ,2 

3,l-(-0,2 

150+8 

Em 

-'3±1  ,1 

2,6  < 0,2 

145  \-7 

13.2t0,7 

HEm 

2i  ‘ 1,1 

2,2  (.0,1 

1.50  4.8 

13,6  ‘;0,7 

80 

LEm 

45  (-2,2 

3,1  ( 0,2 

140-h7 

Em 

38 -(-2 

2,6  • 0,2 

1 .50  - 8 

13.6  ' 0,7 

HEm 

35  (:2 

2,3^0, 1 

1 15  (7 

13,7::0,7 

HX) 

LEm 

r)5j;3 

3,li0,2 

(2,9!:0,3) 

160  4;  10 

— 

A1 

62 -t  4 

3. 0+0, 2 

145  '.10 

13,5  4 0,9 

Fe 

53  1 3,5 

2,940,2 

1-40  ‘10 

13,0±0,9 

Em 

50  1;2, 5 

2,8  ‘ 0,2 
(2,4  * 0,9) 

100+8 

14,0+0,7 

HEm 

46  1 2 

2,5  ( 0,1 

1.50  (-7 

n.fl  ( 0.7 

f.iiO 

LEm 

323  ^ 15 

IO,4-hO,5 

1 60  4-  1 0 

__ 

A1 

310-^  21 

9.6  ‘ 0.6 

1-10  ’ilO 

11  ‘1 

Fe 

265 -t  18 

9, 3+0, 6 

1451:10 

13.5  . 0,9 

Em 

250  1-13 

9,1±0,5 

1.50-t8 

14,0  ' 0,7 

HEm 

230 -(-.11 

8, 7+0, 4 

140.4:7 

14,5  4.0,7 

103 

LEm 

650  - 30 

18,5t0,9 

1 60  4 50 

Al 

615  ; 40 

17.3(-!,2 

145  (-10 

14  '-1 

Fc 

550  . 35 

15,8-'  1 ,2 

I45±10 

14(1 

Em 

500  ‘ -25 

15,3  0,9 

140  (-7 

1 1.7  4 0,8 

HEm 

460  (.23 

13,9  - 0,7 

1.50-t7 

154  0.8 

DOC  * 77106902  PAGE 


rr 


I 


Key:  (1).  GeV.  (2),  Nucleus.  (3).  HeV, 


FOOTNOTE  •«  It  is  obtained  by  interpolation  of  known  experimental 
data.  ENDFCOTNOTE. 
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table  114.  The  aean  angle,  into  which  escapes 
particles,  which  are  born  in  inelastic  proton 
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FOOTNOTE  *.  It  is  obtained  by  interpolation  of  known  experimental 
data.  ENDFCOTNOTE. 

Page  488. 

A good  agreement  of  calculated  values  in  tables  with  known 
experimental  values  makes  it  possible  tc  hope  fcr  the  satisfactory 
agreement  of  theory  with  experiment  and  at  ether  values  of  A and  T. 
All  errors  in  the  calculated  values  indicated  purely  statistical. 
Since  the  number  of  designed  cascade/stages  somewhat  changed  from  one 

case  to  the  next,  sometimes  it  proves  to  be  that  the  egual  values 
have  the  being  distinguished  errors. 

Besides  the  results,  which  relate  to  the  region  of  the  superhigh 
energies  T > 100  GeV,  the  given  data  include  also  the  results  cf  the 
calculations,  which  relate  to  the  region  of  the  accelerative  energies 
T = 5-80  GeV. 

The  initial  series  of  calculations  was  made  on  the  assumption 
that  all  secondary  particles,  which  were  being  formed  during  nucleon 
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Bultiparticlft  collision,  fly  away  in  the  center-of-yra vity  system 
isotropically  and  have  the  identical  energy  distribution,  close  to 
the  average  distribution  from  inelastic  ir  - N-  and  N - N-i nter actions 


(this  version  is  close  to  statistical  theories  cf  Fermi's  type). 


Bith  the  space  energies  T 100  GeV  the  agreement  with 
experiment  in  this  case,  generally  speaking,  is  noticeably  better 

than  in  the  case  of  the  cascade/stage,  which  dees  not  consider 
many-body  interactions;  however,  the  value  cf  the  transverse  impulse 
cf  shower  particles  considerably  exceeds  that  observed  in  experiment. 
For  example,  taking  into  account  interaction  with  the  medium  nucleus 
cf  photoemulsion  with  T -^^o-ioo  Ge?  yOi,  = 0,9  ± 0,1  GeV/s,  while 

experimental  value  /Jj.,  = 0,4  GeV/s.  Substantially  overstated  in 
comparison  with  experiment  turns  out  to  be  the  average  kinetic  energy 

cf  shower  particles  .if  For  example,  with  T = 100  GeV  it  is  7.5  ♦ 0.5 
GeV,  and  experimental  value  2.4  ♦ 0.9  GeV.  Ihe  attempt  to  lower 
and  t with  the  appropriate  change  in  the  momentum  distributions 
leads  to  the  inadmissible  increase  in  many  shower  particles  n^.  The 
noticeable  disagreexent  of  experimental  and  theoretical  values  occurs 
already  in  the  region  of  the  accelerative  energies  T = 10-20  GeV. 
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Table  115.  Average  transverse  particle  noBentuB  g-,  ?leV/s- 
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380  i -25 
350  4 18 
(2G5l45) 
340  I 17 


350  ‘18 
315 -h21 
460  ‘ 18 


360  1 20 
370  ‘-25 
365_h25 
350  ' 18 
(400  1.100) 
300J:18 


360  ■ 20 
350  118 
370  1 1 8 


3G0±2O 
390  + 26 
3'I0_‘:26 
350  i 1 8 
360  1.18 


Note.  In  brackets  are  given  experiaental  values  (see  §35) . 
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Page  489. 


The  account  of  the  anisotropy  of  the  escape  of  the  being  born 
particles  in  the  center-of-gra vity  system  does  not  remove  these 
disagreements,  if  we  consider  as  before  that  the  angular  and  energy  ^ 

distributions  of  the  being  born  particles  do  net  dep^d  on  their  1 

waste.  i 

\ 

\ 


In  the  following  series  of  the  calculations  of  energy  and  the 
angles  of  emission  of  Tf  -mesons  and  heavier  particles  were  considered 
different.  In  this  case  it  was  assumed  that  as  in  elementary  v - N- 
and  N - N-  interactions,  the  mesons  and  heavy  particles  try  to 
preserve  the  direction  of  the  motion  primary  meson  and  nucleon.  This 
made  it  possible  to  considerably  improve  agreement  with  experiment. 
Specifically,  with  the  accelerative  energies  T = 6-25  GeV  was 
possible  to  obtain  the  agreement  with  all  known  photoemulsion  data; 
however  with  high  energies  to  obtain  a good  agreement  with  experiment 
and  in  this  case  very  difficultly.  Transverse  impulse  and  energy  of 
the  being  born  particles  remain  as  before  more  than  experimental.  For 
example,  at  the  worst,  when  with  T ~ 50C  GeV  all  the  being  born 


center-of-yravity  system  strictly  forward,  and  nucleons  - bacic/ayo,  p 
0,b0  ± 0,05  Ge  Under  more  real  assumptions  p^,~0,7  (ieV/s. 


Fig.  371.  The  lonentUB  distribution  of  the  shower  particles,  which 
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are  formed  in  the  inelastic  interactions  of  the  protons  of  energy  25 
GeV  with  the  heavy  nuclei  of  photoemulsion.  Continuous  histogram  is 
experiment  [24];  broken  and  point  histogram  - the  calculation,  made 
in  accordance  with  account  and  without  talcing  into  account  of 
many-body  interactions  within  nucleus. 

Key;  (1).  GeV/s. 

Fig.  372.  Distribution  according  to  the  transverse  impulse  of  shower 
particles  from  the  inelastic  interactions  of  pretons  with  the  heavy 
nuclei  of  photoemulsion  during  T = 25  GeV.  All  designations  are  the 
same  as  in  Fig.  371.  Experimental  histogram  is  taken  from  work  [24]. 
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with  the  heavy  nuclei  of  photoeaulsion-  All  designations  are  the  same 
as  in  Fig.  371.  Experimental  histogram  is  taken  from  work  [24]. 

Page  490. 

Agreement  with  space  photoemulsion  data  succeeds  in  obtaining 
only  in  such  a case,  if  one  assumes  that  during  many-body 

interactions,  just  as  with  high-energy  inelastic  ir  - N-  and  N - N- 
interactions,  is  formed  the  leading  particle,  which  takes  away 
50-70O/O  of  entire  initial  energy. 

In  the  region  of  space  energies  the  variation  of  the  coefficient 
of  anelasticity  in  interval  of  0.5-0. 7 changes  the  average  results  of 
the  calculations  for  10-20o/o.  These  changes  dc  not  exceed  the  limits 
of  the  accuracy  of  known  now  experimental  data;  all  the  given  in 
tables  and  in  figures  numerical  results  of  the  calculations  are 
related  to  values  of  k - 0.7  for  inelastic  two-hody  interactions  and 
k = 0.5  for  many-body  interactions  (in  the  center-of-gravi ty  system). 

It  should  be  noted  that  the  assumption  about  the  leading 
particle  corresponds  to  the  picture  of  the  peripheral  interactions  of 
several  colliding  particles,  for  calculaticn  of  which  it  is  possible 
to  utilize  usual  diagram  methods  (see  below).  However,  in  this  stage 
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of  the  calculations  more  interestiny  it  is  represented  to  determine 
the  characteristics  of  many-body  interactions  from  comparison  with 
experiment. 

The  obtained  thus  angular  and  energy  distributions  of  pi-mesons 
and  heavy  particles  from  many-bcdy  interactions  for  several  energy 
ranges  ^ are  given  in  Fig.  374  and  375.  These  distributions  very 
close  to  the  average  particle  distributions  frcm  inelastic  r - 
N- interact  ions  and  comparatively  slowly  change  with  an  increase  of 
energy  of  the  colliding  particles  *. 


FOOTNOTE  Nearness  of  distribution  for  many-bcdy  interactions 
precisely  to  ir  - N-,  but  not  to  to  N - N-interactions,  it  is  possible 
to  explain  themes  that  at  high  energies  the  shower  particles  within 
nucleus  consist  in  essence  of  ^^-mesons.  EKDFOCTNOTE. 


In  the  region  of  accelerative  energies  the  special  account  of 
the  leading  particle  little  changes  the  results  of  the  calculations, 
since  its  parameters  still  comparatively  differ  little  from  the 
parameters  of  remaining  particles,  althcugh  for  the  better/best 
agreement  of  the  calculations  with  experiment  the  account  of  the 
contribution  of  the  leading  particle  is  very  desirable  in  this  case 
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(specifically,  this  somewhat  it  lowers  theoretical  values  of  set  s- 
and  g-part  ides) . 


Of  course,  to  the  parts  of  distributions  in  Fig.  374  and  375  now 
thus  far  still  it  cannot  be  been  related  too  seriously:  they 
noticeably  change  from  one  version  of  the  calculation  to  another.  Are 
tore  reliable  the  following  two  qualitative  conclusions:  the  very 
fact  of  the  existence  of  many-body  interactions  and  that  that  the 
characteristics  of  particles,  which  are  formed  during  such 
interactions,  strongly  do  net  differ  from  the  case  of  usual  two-body 
interactions  at  high  energies,  in  particular,  the  presence  of  the 
leading  particle  and  the  asymmetric  character  cf  the  angular 
distributions  of  remaining  particles.  For  the  mere  confident 
conclusions  are  necessary  the  detailed  and  precise  experimental  data 
on  the  interactions  of  particles  with  atomic  nuclei  with  T >>  10  GeV."^ 


FOOTNOTE  2.  In  I.  Z.  Artykova*s  wotic  [1]  was  undertaken  the  attempt 
to  obtain  the  qualitative  representations  cf  the  properties  of 
many-body  interactions  on  the  basis  of  peripheral  polar  model  (about 
this  model  see,  for  example,  chapter  XI  in  monograph  [ 39])  . As  an 
example  was  examined  the  collision  of  three  nucleons  with  one-pion 
exchange.  The  results  of  the  calculations  confirm  above  conclusions 
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indicated  about  the  properties  of  nany-tody  interactions. 

ENDFOOTNOTE. 

Theoretical  data  in  Table  112-115  and  in  Fig.  362-364,  371-373 
are  acquired  with  the  aid  of  the  distributions,  shown  in  Fig.  374  and 
37  5. 

As  already  mentioned,  the  section  of  the  inelastic  interaction 
of  high-energy  nucleon  with  nucleus  wholly  is  determined  by  section 

a,  (.VA^and  therefore  it  turns  out  to  be  one  and  the  same  independent  of 
assuaptions  about  many-body  interactions  (see  Table  107).  As  concerns 

many  shower  particles,  from  data  Table  112  evidently  that  the  account 
of  many-body  interactions  substantially  reduces  the  degree  of 
increase  n,{'r).  The  saae  can  be  said  about  many  g-particles:  in  the 
model  in  question  it  in  accordance  with  experiment  with  T >>  1 GeV  in 
practice  does  not  depend  on  energy. 

Page  491. 

More  badly  is  matter  with  the  calculation  of  many  low-energy 
t-particles.  Agreement  with  experiment  here  occurs  only  in  the  region 
of  accelerative  energies,  with  T >>  lOCeV  theoretical  values 
several  tines  more  experimental  >. 
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FOOTNOTE  For  light  nuclei  evaporative  aodel  is  knowingly 
inapplicable;  therefore  values  and  for  Table  1 12  shows. 

ENDFOOTNOTE. 

The  latter  especially  one  can  see  well  iron  the  conparison  of 
experimental  and  computed  values  /ih  (let  us  ncte  that 

Disagreements  are  caused  themes  that  the  excitation  of  the 
nucleus,  which  remains  after  the  passage  of  the  intranuclear  cascade, 
initiated  by  particle  with  an  energy  of  T >>  10  GeV,  frequently  turns 
cut  to  be  the  so  large  that  the  usual  theory  of  evaporation,  used  for 
the  calculation  of  values  iii  in  Table  112,  becomes  actually 
inapplicable  and  can  give  only  roughly  estimated  results.  For  the 
description  of  the  "luminescence"  of  residual-nucleus  are  more 

suitable  the  approaches  of  the  type  of  the  examined  in  the 
preceding/previous  chapter  nonequilibrium  apprcach/approxi mation. 


J 

f: 

i ■ 
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Fig-  374.  Energy  particle  distributions,  which  are  born  in  inelastic 
itany-body  interaction  in  the  center-of-gr avity  systea  ’(/  - total 
energy  of  the  multiparticle  system,  which  can  be  expended  on  the 
formation  of  new  particles;  unbroken  curves  are  the  heavy  particles, 
broken  lines  are  •^—mesons)  . 


Key;  (1).  GeV 
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Page  492. 

Another  reason  for  the  disagreeaent  of  experimental  and 
theoretical  values  ni  is  connected  with  the  fact  that  at  high 
energies  is  great  the  section  of  the  formation  cf  heavy  fragments  ! 

with  large  values  of  mass  number  A > 4;  in  works  [4,  8],  whence  are 
taken  data  Tables  112,  this  effect  was  not  considered.  Supplementary  i 

errors  into  the  determination  cf  excitation  energy  were  introduced  by  \ 

the  inaccurate  statistical  account  of  the  law  cf  conservation  of  1 

I 

energy. 

All  these  guestions  require  also  further  refinement-  (In  this 

connection  it  is  very  interesting  to  compare  the  results  of  the 
calculations  with  experiment  in  the  area  T - 5C  GeV) . 

During  passage  from  light  nuclei  to  heavy  the  number  of  shower 
particles  grow/rises  approximately  propgr ticnally  (a  < 1),  but 

number  g-  and  b-  particles  increases  noticeably  faster.  Being  born  g- 
and  b-particles  they  consist  virtually  by  pillar  of  nucleons,  the 
portion  of  pi-mesons  in  them  is  very  small.  This  conclusion  will 

agiee  well  with  experiment. 

Table  113  gives  the  corrected  values  cf  the  average  kinetic 
energy  of  all  being  born  shower  particles  minus  leading  particle  {.if'A 


PAGE 

and  separately  the  value  of  energy  of  this  particle  The 

corresponding  average  nuclear  coefficient  of  anelasticity  ~ (T  - 
does  not  depend  on  energy  T and  during  passage  from  light/lungs  to 
heavy  photoenulsion  nuclei  grow/rises  with  an  increase  in  mass  number 
A.  The  portion  of  the  primary  energy,  taken  away  by  the  leading 
particle  ( 1 — k.,J  is  approximately  65o/c  for  a light/iung  a total  of 

about  tt5o/o  for  the  heavy  nucleus  of  photoemulsion. 

It  is  understandable  that  designed  values  S' n and  are  very 

sensitive  to  assumption  about  the  value  of  the  coefficient  of 
anelasticity  in  the  elementary  event/report  k- 

In  the  region  of  the  accelerative  energies  T < 30  GeV,  where  the 
characteristics  of  the  leading  particle  strongly  do  not  differ  from 
the  characteristics  of  remaining  particles,  the  leading  particle  was 
not  isolated  and  value  in  Table  113  for  these  energies  were  not 

shown. 

The  pulse  and  energy  distributions  of  shower  particles, 
calculated  taking  into  account  many-body  interactions  during  T 100 
Ge¥,  are  sufficiently  close  to  the  distributions,  obtained  within  the 
framework  of  usual  cascade  theory  (see  Fig.  362  and  371);  at  large 
values  of  T shower  particles  in  theory  with  many-body  interactions 
possess  considerably  greater  energies.  Cne  should  emphasize  that 
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values  y i strongly  change  depending  on  assumptions  about  the  value 
of  the  coefficient  of  the  anelasticity  of  many-tcdy  interaction. 

Table  113  shous  that  the  average  kinetic  energies  g-  and  b-particles, 
and  y b,  are  virtually  constant  and  depend  neither  on  T nor  on  A. 

From  the  fact  that  above  was  said  about  the  calculation  of  the 
contribution  of  evaporative  particles,  it  follows  that  values  .5'i,  in 
Table  113  can  be  examined  only  as  very  estimated  (specifically, 
certain  increase  in  the  energy  of  b-particles  with  an  increase  of  T 
connected  with  inaccuracies  in  the  calculation). 

Table  11h  gives  the  corrected  values  of  the  angles  Oi  ,,,,  and  fii 
into  which  escapes  respectively  the  half  shower  and  the  half  of 
cascade  g- particles  (evaporative  b-particles  fly  away  isotropically). 

Experimental  and  theoretical  angular  distributions  are  compared 
in  Fig,  364  and  373. 

The  half  angle  of  emission  of  s-particles  is  approximately 
proportional  to  mass  number  A'^  and  rapidly  decreases  with  an 
increase  of  energy  of  initial  particle;  the  half  angle  of  emission  of 
g-particles  very  weakly  depends  on  value  A and  is  not  sensitive  to 
the  value  of  energy  T. 
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Both  in  the  reyion  of  accelerative  energies  and  during  T > 100 
GeV  theoretical  angular  distributions  will  agree  well  with  experiment 
and  are  sufficiently  weakly  sensitive  tc  the  contribution  of 
many-body  interactions,  although  the  account  of  the  latter  somewhat 
improves  agreement  with  experiment. 

Page  493- 

Above  already  repeatedly  it  was  noted  that  a gocd  agreement  of 
theoretical  and  experimental  angular  distr ibuticns  to  a considerable 
degree  is  the  consequence  of  the  effect  of  the  relativistic 
compression  of  angles  during  passage  tc  the  lahcratory  coordinate 
system. 

Figure  362  and  372  shows  the  distributions  of  the  transverse 
impulse  of  the  being  born  particles-  In  an  entire  region  of  energies 
T >>  1 GeV  the  experiment  and  theory  ccmpletely  satisfactorily  agree, 
especially  if  we  consider  many-body  interactions.  At  the  same  time 
average  theoretical  values  of  the  transverse  impulse  of  shower 

(. 

1 particles  are  somewhat  overstated  in  ccapatison  with  experimental.  In 

the  case  of  interactions  with  photoemulsion,  the  latter  in  an  entire 
region  of  energies  T 2 10-10^  GeV  are  approximately  400  MeV/s,  while 
computed  values  with  T = 10,  10*  and  IC^  GeV  are  equal  to  with 
[ respect  430  ^ 20,  480  ^ 25,  500  25  MeV/s.  The  disagreement 
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between  theory  and  experiment  small  can  be  removed,  if  we  consider 


the  correlations  of  the  angular  and  momentum  distributions  of  the 


being  born  particles  (see  §50)  . 


Value  Pis  somewhat  increases  with  passage  to  more  heavy  nuclei; 


for  example,  with  T = 100  GeV  for  interactions  with  the  groups  of  the 


nuclei  of  photoemulsion  LEm,  Em,  HEm  value  equally  with  respect 


<435  ± 30,  480  ± 25  and  480  ± 20  MeV/s- 


The  average  transverse  particle  mcnentum  g-,  as  is  evident  from 


Table  115,  within  the  limits  of  statistical  errors  in  the  calculation 


remains  constant  in  all  energy  range  T = 10-10^  GeV  and  does  not 


depend  on  the  type  of  target  nucleus;  the  results  of  the  calculations 


completely  satisfactorily  agree  with  kncwn  experimental  values. 


’igure  376  and  J77  shows  the  relative  contribution  of  many-body 


interactions  in  intranuclear  cascade  (with  respect  to  the  total 


number  of  elastic  and  inelastic  intranuclear  collisions).  As  is 


evident,  already  with  energy  T = 10  GeV  this  interaction  mode  is 


approximately  30o/o  of  all  interactions;  however,  the  characteristics 


of  the  being  born  in  this  case  particles  relatively  differ  little 


from  the  fact  that  occurs  in  the  usual  collision  of  two  particles. 


Noticeable  differences  begin  to  be  exhibited  only  with  the  energies. 


greater  than  several  dozen  gigaeiectron-volt  » 


I 

I 
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FOOTNOTE  It  should  be  noted  that  the  great  contribution  of 
irany-body  interactions  with  T ~ 10  GeV  is  caused  partly  themes  that 
in  the  calculations  was  not  considered  a decrease  in  the  nuclear 
density,  the  contribution  of  resonances  etc.,  and  all  the  deviations 
frcm  usual  cascade  model  were  approximated  by  irany-body  interactions. 
ENDFOOTNOTE. 
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The  contribution  of  many-body  interactions  more  distinct  is 

exhibited  in  light  nuclei;  in  heavy  nuclei  it  scnewhat  is  shaded  by 

the  effect  of  the  two-body  interactions  whose  probability  it 
grow/rises  in  proportion  to  shower  particles  they  spend  its  energy  in 
consecutive  intranuclear  collisions- 


Fig.  377.  The  relative  percentage  of  particles,  which  participate  in 
D-partial  intranuclear  collisicns  (n  of  particles  in  the  initial 
state)  . 


Key;  (1).  GeV- 
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I §85.  Interactions  of  TT^-uesons  with  nuclei. 

1 

The  results  of  cascade  calculations  (see  Table  116-119  and  Fiy. 
378)  are  obtained  by  very  close  to  the  fact  that  occurs  for  nucleon- 
nuclear  interactions.  All  these  data  ate  related  in  the  accuracy  tc 
of  theraes  to  the  ap proach/approxiroations  themselves  and  assumptions 
about  the  properties  of  many-body  interacticns  within  nucleus,  as  in 
the  examined  above  case  of  nucleon-  nuclear  collisions;  no  changes  in 
the  program  of  the  calculations  were  made. 


-1 


Fig*  378*  Distribution  according  to  value  x - Ig  tg  a the  charged  ] 

i 

shovet  particles,  which  are  born  in  the  inelastic  interactions  of  ] 

i 

] 

pi-mesons  with  the  nuclei  of  photoemulsions  at  T ~ 200  GeV.  ; 

Continuous  histograms  ace  an  experiment  of  Giyerul,  etc.  [ 2S  ],  dotted  ^ 

line  is  the  calculation  with  the  drawing  of  energy  of  primary  mesons  1 

according  to  the  real  distribution  of  their  energies,  which  was  being  1 

observed  in  work.  [25]. 


Page  495. 
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lable  116.  Average  nueber  of  particles,  which  are  born  during 


iaelastic  pion-  nuclear  interaction. 
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FOOTNOTE  *«  It  is  obtained  by  interpolation  of  known  experimental 
data.  ENDFOOTNOTE. 
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Table  117.  Average  Einetic  energy  of  particles  froa  inelastic 
pion-nuclear  collision. 
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FOOTNOTE  It  is  obtained  by  interpolation  of  known  experimental 
data.  ENDFOOTNOTE. 
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Table  118.  The  aean  angle,  into  which  escapes  the  half  of  all 
particles,  which  are  born  in  inelastic  pion-nuclear  collisions. 
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FOOTNOTE  It  is  obtained  by  interpolation  of  the  experimental  data. 
ENCFOOTNOTE. 
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With  T » 10  GeV  the  results  of  calculations  can  be  compared 
with  the  photoemulsion  data,  obtained  recently  by  the  group  of 
Miyezovich  and  Giyerul  [25]  . These  data  are  related  to  the  medium 
energy  of  ^-mesons  T 2 200  GeV.  If  energy  cf  primary  mesons  to  play 
is  direct  according  to  the  experimental  distribution  W (T) , that  was 
being  observed  in  experiment  [25],  then  the  results  of  the 
calculations  change  very  little;  values  /7,  and  /7*  grow/rise  by 
IO0/0,  angle  Oi/j^  on  the  contrary,  decreases  by  IO0/0  (see  Fig.  378), 
remaining  average  values  within  margins  of  error  they  remain 
virtually  constant/invariable. 

From  the  preceding  information  it  is  evident  that  calculation 


and  experimental  data  will  agree  sufficiently  well. 


‘ 
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If  we  do  not  consider  many-body  interactions  within  nucleus, 
then  the  difference  between  a calculated  and  experimental  multitude 
of  shower  particles  turns  out  to  be  not  as  impressive  as  in  the  case 
nucleon-  of  nuclear  interactions,  since  with  picn-  nuclear 
interaction  within  nucleus  it  occurs,  speaking  in  general  terms,  half 
collisions,  than  during  interaction  nucleon  ♦ nucleus;  however,  the 

account  of  many-body  interactions  turns  out  to  te  very  essential  for 
explaining  the  angular  distributions  of  shower  [articles. 


Table  120  shows  that  the  portion  of  many-tcdy  interactions  ] 

within  nucleus  is  very  considerable.  j 


Table  119.  Average  transverse  particle  ■oaentum  g-,  NeT/s. 
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Table  120. 

Contribution  of  multi-particle  interactions  in  pion-muclear 
collisions  with  T = 200  GeV,  %. 
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Note.  'VV3 1")  - the  relative  numbei;  of  n-partial  interactions, 

when  with  intranuclear  nucleon  interacts  (n  - 1)  particle  (with 
respect  to  the  total  number  elastic  and  inelastic,  colLisicns  s-  and 
g-particles  within  nucleus);  - the  relative  percentage  of 

particles,  which  participate  in  n-partial  interactions  (in  the 
initial  states)  [5]. 


Page  499. 

As  in  the  case  of  nucleon-nuclear  collisions,  these  interactions 
compose  larger  percentage  in  light  nuclei.  Attention  is  drawn  to  the 
considerable  contribution  of  the  collisions,  when  with  nucleon 
interacts  immediately  more  than  four  particles. 
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Thus,  we  see  that  the  account  of  many-tody  interactions  under 
completely  reasonable  assumptions  about  their  properties  makes  it 
possible  to  match  entire  totality  of  known  experimental  data  on  the 
interactions  of  hi'jh-energy  particles  with  atonic  nuclei  in  the 
region  of  energies  up  to  several  thousand  gigaelectron-volt.  For  more 
detailed  conclusions  is  necessary  the  refinement  of  the  experinental 
data,  especially  the  value  of  energy  of  shower  particles,  and  the 
note  careful  theoretical  examination  of  the  stage  of  process, 
connected  with  the  luminescence  of  the  nucleus,  which  was  being 
formed  after  the  passage  of  cascade  avalanche. 

For  testing  the  model  of  many-body  interactions  are  very 

interesting  the  experiments  on  the  Serpukhcv  accelerator,  where  the 
energy  is  sufficiently  high  and  at  the  same  tine  can  be  obtained 
considerably  better/best  accuracy,  than  in  co;-'nic  rays. 

Let  us  emphasize  again,  that  even  so  during  calculations  we 
nowhere  clearly  considered  that  fact  that  during  the  collisions  of 
particles  within  nucleus  is  possible  the  generation  of  resonances, 
but  with  very  high  energies  perhaps  and  fireballs  however  the 
mechanism  of  many-body  interactions  indirectly  effectively  considers 
the  possibility  of  such  processes,  since  the  characteristics  of 
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particles,  which  are  born  in  aany-body  iptcractions,  are  deterained, 
in  essence,  only  by  the  value  of  free  energy  t,  independent  of  the 
initial  state  of  nultiparticle  systen.  The  type  of  particles  in  the 
initial  state  manifests  itself,  nainly,  only  on  the  value  of  the 

J 

section  of  many-body  interaction,  about  which  we  now  nevertheless  can 
speak  only  purely  phenomenologically. 

The  theoretical  and  experimental  studies  of  nuclear  interactions 
with  very  high  energies  T >>  10  GeV  are  located  even  in  the  initial 
stage.  For  judgments  about  the  mechanism  of  such  interactions  it  is 
very  important  to  investigate  the  ''transient”  region  of  energies  T 
from  2 to  30  GeV.  In  this  case  of  interest  is  the  study  as  many 
integral,  average  characteristics,  as  differential  distributions  and 
correlations  between  separate  values.  Special  attention  deserves 
low-energy  the  component  of  the  being  torn  particles. 

§86.  Hodel  of  tube. 

Already  from  the  purely  kinematic  considerations,  connected  with 
the  effect  of  the  relativistic  compression  of  angles,  it  follows  that 
basic  part  of  the  intranuclear  cascade,  initiated  by  particle  with  a 
high  energy  of  T,  must  be  localized  in  the  comparatively  narrow 
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tunnel  region  of  nucleus,  angular  diaensions  of  which  &Q  the  lesser, 
the  greater  energy  T.  The  reaction  of  the  collisions  of  high-energy 
particle  with  nucleus  occur/flow/lasts  so  rapidly  that  the 

interaction  within  nucleus  does  not  nanage  to  be  propagated  to  sides. 


Above  we  saw  that  the  process,  which  was  being  realized  within 
this  tunnel  region,  or  as  accepted  to  still  speak,  within  the  tube  of 
nuclear  substance,  consists  of  the  series  cf  the  consecutive 
collisions,  each  of  which  is  independent  event/report  two-  or  of 
■any-body  interaction. 


At  the  sane  tine  sone  authors  (for  exaaple,  see  [26,  30,  33]) 
advanced  another  nodel,  in  a sense  alternative  the  nodels  of 
intranuclear  cascades  and  based  on  the  assuapticn  that  the  initial 
particle  ejects  whole  tube  of  nuclear  substance,  which  is  the  single 
strongly  excited  systea,  which  decoaposes  outside  nucleus  (Fig.  379). 
With  energies  T of  the  order  several  dozen  gigaelectron-vo It  for  the 
calculation  of  the  decoaposition/decay  of  this  systea  is  utilized  the 
statistical  theory  of  the  aultiple  foraatlon  of  fermions,  with  high 
energies  - the  statistical  nodel,  based  on  the  solution  to  the 
equations  of  relativistic  hydrodynaaics. 


I 
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In  this  case  it  is  considered  that  the  decoaposit ion/decay  of  systea, 
the  crystallization  of  single  particles  it  begins  after  this  systen 
will  be  expanded  so,  that  the  aean  free  path  of  particles  stops  the 
order  of  its  size/diaensions.  Thus  far  nuclear  tube  is  considered  as 
certain  continuous  aediun,  the  nuaber  of  particles  in  which  because 
of  the  processes  of  strong  interaction  not  defined. 

Now  it  is  not  possible  to  gi?e  any  any  convincing 
considerations,  which  would  explain,  why  tiae  of  the  interaction  of 
particles  within  nucleus  is  so  great  that  the  separate  interactions 
run  together  and  envelop  with  disturbance  the  range  with  geoaetric 
diaensions  on  the  order  of  the  diaensiccs  of  the  nucleus  itself 


FOOTNOTE  Soaetiaes  they  speak  (for  exaaple,  see  Shane's  work 
[31]),  that  because  of  the  effect  of  the  relativistic  coapression  of 
the  longitudinal  size/diaensions  the  length  of  the  tube,  by  which  is 
transferred  the  very  high  Boaentua/iapulse/pulse  by  initial  particle, 
becoaes  coaparable  with  the  radius  of  action  of  the  nuclear  forces  ro 
* 10~**3  ca.,  in  consequence  of  which  becoaes  aeaningless  to 
distinguish  separate  interactions  within  this  systea.  However,  in 
this  case  one  ought  not  to  forget  that  to  equal  coapression  ratio 
experience/tests  all  the  longitudinal  scales,  including  the  radius  of 
action  of  nuclear  forces. 
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Another  consideration*  which  soaetiaes  is  led  in  favor  of  the 
■echanisa  of  tube*  consists  in  the  fact  that  as  a result  of 
relativistic  effects  the  ■oaentua/iapulse/pulse*  transferred  to 
recoil  nucleon  lengthwise*  can  be  very  saall*  thanks  to  which  the 

effective  region  of  space,  in  which  is  realized  the  interaction  in 
accordance  with  uncertainty  pr iociple  ~ a,  can  stop  the  order  of 

the  size/d iaensions  of  entire  nucleus  [22].  However,  this  is 
eztreaely  rare  case.  K.  0.  Tolstov  with  the  aid  of  uncertainty 

principle  by  the  direct  analysis  of  the  dispersion  of  the 

K{Ap[,)' 

longitudinal  pulse  coaponent  of  particles*!^ in  inelastic  r - N-  and  N - 

M'collisions  showed  that  the  effective  region  w - M-  and  N - 

iND  I^COTiyOTE 

tt- interact  ion  aany  tiaes  is  less  than  nuclear  sizes  [36]^  However, 
always  reaains  the  possibility  to  say  that  we  still  very  little  knew 
about  processes  at  high  energies*  and  to  consider  the  model  of  tube 
as  certain  assuaption. 


The  Bodel  of  tube  was  especially  popular  into  1955-1960*  when 
with  its  aid  they  explained  virtually  all  experiaental  data  on  the 
nuclear  interactions  of  cosaic  rays*  even  with  energies  T of  the 
order  of  several  GeV,  and  the  only  analysis  of  the  experiaental  data, 
obtained  on  Oubna  10-GeV  accelerator,  showed  the  inadequacy  of  this 
aodel  in  any  case  with  T **  10  GeV  [ 13].  First  of  all  turned  out  to  be 
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those  which  ace  not  agreeing  with  expeciaent  the  average  half  angles 
of  shower  particles  both  for  light/lunga  and  for  the  heavy  nuclei  of 
the  photoe  lulsion:  the  model  of  tube  leads  to  ccnsiderably  larger 
angles  how  this  it  was  observed  in  experiment  [13]« 


Fig.  379.  Initial  particle  ejects  the  "tube"  of  nuclear  substance 
with  section  by  the  approximately  equal  to  the  section  of  initial 
particle.  After  escape  from  nucleus  the  tube  decomposes  to  single 
particles.  Remanent/residual  nucleus  loses  excitation  energy  by  means 
cf  the  process  of  evaporation  or  division  (if  this  nucleus 
sufficiently  heavy). 
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Page  501. 

Further*  if  one  assumes  that  the  initial  event  of 
nucleon-nuclear  collision  is  interaction  nucleon  - tube,  then  the 
speed  of  the  center  of  inertia  of  this  system  in  the  case  of 
collisions  with  heavy  nuclei  Ag  and  Br  it  must  be  considerably 
smaller  than  in  the  case  of  collisions  with  nuclei  c,  N,  0,  since  the 
average  length  of  tube  in  the  first  case  almost  is  twice  as  more  as; 
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consequently,  and  the  nuaber  of  s-particles  in  the  case  of  heavy 
nucleus  aust  be  considerably  greater.  This  conclusion  also  was  not 
coordinated  with  the  experiaent:  with  T = 9 GeV  in  work  [33]  was 
obtained  * 3.5  ♦ 0-3  and  3.0  0.2  respectively  for  the 

aediuB^'weight  and  average-  light  nuclei  of  photceaulsion. 

The  aechanisa  of  tube  contradicted  the  fact  that  aaong  particles 
with  gray  traces  was  observed  only  the  very  aincr  constituent  of 
Tf-aesons;  the  suppressing  nuaber  of  g-particles  were  nucleons.  As  we 
saw  above,  this  fact  is  explained  well  by  cascade  aechanisa,  while 
the  calculation  of  the  decoaposition/decay  of  tube  according  to 
Perai’s  theory  showed  that  with  T = 9 GeV  the  contribution  of 
low-energy  ir-aesons  aust  be  considerable. 

It  is  still  aore  difficult  within  the  fraaework  of  the  aechanisa 
of  tube  to  explain  the  characteristics  cf  nuclear  disintegration  with 
28-30  gray  and  black  traces,  which  with  T = 9 GeV  are  observed  into 
wore  than  2o/o  of  all  cases.  In  these  splitting/fissions  occurs  the 
coaplete  disintegration  of  nucleus,  in  essence  to  protons  and 
neutrons  with  the  light  portion  of  a-particles,  but  value  n„  Oi/,,  and 
the  energy,  transferred  to  nucleus,  are  close  tc  their  average  values 
for  all  nuclear  disintegration  Ag  and  Br  [13]. 
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The  analysis  of  nuclear  interactions  in  region  10-30  GeV  also 


shows  that  known  here  experiaental  data  cannot  te  aatched  with  the 
aodel  of  tube.  The  agreeaent  with  this  aodel,  which  is  noted  in 
various  works,  based  on  the  exaaination  only  of  soae  narrow  groups  of 
facts  bears  randoa  character;  in  a nuaber  of  cases  this  agreeaent  was 
the  consequence  of  serious  systeaatic  defects.  (Detailed 
analysis/selection  and  the  critic  of  part  of  such  works  are  given  in 
the  article  of  K.  D.  Tclstova  [36];  see  also  [21]). 

In  the  region  of  very  high  space  energies  the  pipe  model  of  the 
interactions  of  particles  with  nuclei  lost  investigated  in  detail  G. 
I.  Milekhin  [30].  He  showed  that  agreeaent  with  experiment  can  be 
obtained  only  by  order  of  value.  At  the  same  tine,  analysis  shows 
that  those  point/iteas,  in  which  the  aodel  of  tube  succeeds  in 
agreeing  with  experiment,  they  have,  as  a rule,  kinematic  origin  and 
actually  barely  connected  with  aodel  itself. 

Thus,  it  is  possible  to  count  that  the  known  at  present 
experimental  data  do  not  confira  assumption  about  the  existence  of 
the  special  aechanisa,  which  leads  to  the  rise  of  the  single  excited 
system  **  nuclear  tube.  In  essence,  all  known  now  experimental  data 
can  be  aatched  with  the  aodel  of  intranuclear  cascades. 
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Chapter  8 


leiSSION  OF  COMPLEX  PARTICLES. 


§87.  Eaission  of  light  nuclei  and  fragments. 


During  the  inelastic  collisions  of  high-energy  particles  the 
nuclei  along  with  nucleons  and  mesons  from  nucleus  of  target  escape 
also  the  complex  particles  d,  t^  ’He,  'He  and  the  heavier  fragments 
li.  Be,  B and,  etc  with  charges  Z ^ 3. 

Research  on  such  reactions  is  of  consideratle  interest  in  many 
respects:  as  is  further  study  of  the  mechanism  cf  evaporation  and 
processes  of  more  rapid  decomposition/decay  of  strongly  excited 
nuclei  as  investigation  of  the  properties  of  clusters  within  target 
nucleus  and  the  fluctuations  of  the  density  of  intranuclear 
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Special  interest  in  reactions  with  the  eaission  of  conplex 

particles  began  to  be  exhibited  after  it  was  establish/installed  that 
their  significant  part  escapes  with  the  moBientui/iapuIse/p ulses, 
close  to  the  momen tUB/iwpulse/pulse  of  initial  particles. 

The  foraation  of  fragoents  with  charges  Z ^ 3 (the  so-called 
fragments)  has  a series  of  the  specific  special  feature/peculiarities 
(see  Chapter  9).  Here  we  will  be  restricted  to  the  discussion  of  the 
experimental  and  theoretical  data,  which  relate  to  one-  and  to  doubly 
charged  particles  with  the  number  of  nucleons  two  and  more. 


The  properties  of  low-energy  particles  partly  were  examined  in 
chapter  3 and  6 in  connection  with  discussion  cf  properties  of  the 

isoenerget ic  components  of  cascade  particles  and  by  the  theory  of  the 
evaporation  of  remanent/residual  nuclei;  therefore  now  we  the  primary 

attention  will  give  to  rapid  particles  with  the  energy,  greater  than 
several  dozen  million  electron  volts. 

Immediately  it  should  be  noted  that  the  overwhelming  majority  of 
the  known  at  present  experimental  data  on  the  generation  of  coirplex 


particles  is  related  to  proton-nucleus  interactions.  In  addition  to 
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interactlons  with  the  nuclei  of  pi-nescns,  antlpcotons  and 
o-particles  (see,  in  particular,  [39,  56,  104,  106]);  almost  nothing 

not  it  is  known  about  the  interactions  of  neutrons  with  nuclei.  Are 
very  great  the  errors  of  Beasurenent,  which  reach  soietines  several 
dozen  percent. 


§88-  Sections  of  the  formation  of  complex  particles. 


The  basic  known  at  present  experimental  data  for  energies  T ^ 
100  HeV  are  assembled  in  Table  121;  the  representation  of  the 
behavior  of  sections  with  smaller  energies  they  give  Fig.  380-382. 
For  a comparison  on  the  first  of  these  figures  is  shown  also  the 
section  of  the  formation  of  deuterons  in  p - p-collisions  *. 


f. 

FCOTMOTE  , Sections  for  the  interactions  of  protons  with  the  nuclei 
of  oxygen  in  Fig.  380-382  are  obtained  by  interpolation  known  data 
for  adjacent  cell/elements  [74]-  The  discussion  of  the  sections  of 
the  formation  of  deuterons  in  p - p-collisicns  can  be  found  in  works 
[24,  89].  ENDPOOTNOTE. 
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t.bl.  121.  s.ctloi.»  of  th«  for..tiCB  of  coiFl.i  portlclos  docino  tho 
iateractions  of  high-energy  protons  with  nuclei. 
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Key:  {1).  Nucleus  and  nultiply-charged  particle.  (2).  Energy  of 
proton  t,  GeV.  (3) . mb.  (4) . Literature. 

FCCTNOTE  ♦ the  given  section  is  related  to  interaction  n ♦ **C. 
ENDFOOTNOTE. 

Page  506. 

As  is  evident,  experimental  information  is  very  small, 
especially  for  the  deuterons,  experiments  on  which,  as  a rule,  were 
made  only  for  some  values  of  angles  of  emission.  It  is  possible  to 
only  say  that  with  T y)  100  HeV  of  the  section  of  the  formation  of 
deuterons  on  the  average  are  approximately  5o/o  of  baking  of 
inelastic  interactions;  exception  is  interaction  with  the  nuclei  of 

helium,  where  the  section  of  the  formation  of  deuterons  is 
approximately  the  fourth  of  section  a,n' 
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Key:  (1).  nb.  (2).  GeV. 

Page  507, 

Host  are  studied  in  detail  the  sections  of  the  fornation  cf 
tritium.  With  energies  large  several  gigaelectron-volt,  these 

sections  they  are  approximately  the  third  c£  the  corresponding  total 
cross  sections  of  inelastic  interactions  (see  Fig.  331  and  383). 
Approximately  the  same  value  the  section  of  the  escape  of  nuclei  ^He. 
As  concerns  the  sections  of  the  formation  of  a-particles,  they  are 
already  comparable  in  its  value  with  cross  sections  (Pig.  384). 

If  we  do  not  consider  the  sections  of  the  escape  in 

collisions  p ♦ ^He  (see  Fig.  382),  then  with  the  energies,  greater 
than  several  a gigaelectron-volt , all  sections  cf  the  fornation  of 
doubly  charged  particles  become  the  slowly  changing  functions  cf 
energy  ^ and  virtually  emerge  on  plateau. 

It  is  interesting  to  note  that  energy,  at  which  is  achieved 
"saturation",  T - 3-5  GeV,  practically  coincides  with  that,  with 
which  was  noted  a change  in  the  mechanism  of  the  interaction  of 
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particles  with  nuclei  (see  §57). 

In  dependence  fcon  the  aass  nuabei  of  target  nucleus  the 
production  cross  section  of  tcitiua  grcw/rises  as  aV’*  i.  e.,  it  is 
proportional  to  section  This  occurs  as  with  energies  T • 100  HeV 
(see  [ 20  ])  « after  all  with  high  energies  (Fig.  385).  The  dependence 
of  the  sections  of  the  nucleation  of  heliua  is  sore  coaplex:  these 
sections  grow/rise  during  passage  froa  light  nuclei  to  the  nuclei  of 
the  average  atomic  weight,  and  then  slowly  they  decrease. 


It  is  understandable  that  the  course  of  the  section  of  the 
foraation  of  coaplex  particles  deteraines  the  behavior  of  many 
particles  (see  Table  121).  An  average  aultitude  of  deuterons  and 
nuclei  of  tritiua,  arising  in  photoeaulsion  with  T » 1 GeV,  is  shown 
also  in  Table  32  and  33;  several  values  for  saaller  energies  it  is 
possible  to  find  in  Table  3<i  and  36. 

As  concerns  nany  accompanying  particles,  as  showed 
investigations  of  a number  of  the  authors  (see  Table  122),  many 
shower  particles  in  stars  with  a-partioles  and  without  then  within 
the  margins  of  error  in  the  aeasureaents  it  turns  out  to  be  almost 
identical;  at  the  sane  tine  aany  low-energ}  g-  and  b-  particles  in 
the  stars,  which  contain  the  nuclei  of  heliua,  noticeably  higher. 
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Fig.  382.  Sections  of  nucleation  ^He  in  collisions  p * *He  and  p 4- 
[74]. 

Key:  (1).  ab.  (2).  GeV. 


Table  122.  Average  nultitude  of  Eay/beaas  in  stars  with  the  nuclei  of 

heliua  and  without  then  (interaction  with  the  heavy  coaponent  of 

( m) 

photoenulsion;  energy  of  the  nuclei  of  heliun'"^^-^eV)  - 
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Key:  (1).  Initial  particle.  (2).  T,  GeV.  (3).  Stars 
of  heliua.  (4).  Stars  without  the  nuclei  of  heliua. 


with  the  nuclei 
(5).  Literature. 
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aluainui,  the  gland  also  of  lead. 


Key:  (1).  ab.  (2).  GeV. 


Fig-  384-  The  energy  dependency  of  the  sections  of  foraation  ^He  and 
•He  in  the  case  of  the  collisions  of  protons  with  the  nuclei  of  iron. 

Key:  (1).  ab.  (2)-  T,  GeV- 


Fage  509. 


The  latter  indicates  the  high  value  of  the  total  energy,  transferred 
to  nucleus  during  collision  with  initial  particle  when  are  born 
two-charge  particles. 


§89.  Energy  distributions. 


These  distributions  were  studied  by  aany  authors  (for  exaaple, 
see  (5,  10,  30,  44,  50,  57,  62,  63,  71,  75,  77,  81,  83,  84,  86,  91, 


94,  97,  98,  112,  1 14,  118,  122],  where  it  is  possible  to  find  further 
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bibliography).  Their  first  distinctive  features  is  the  naxinuD  in  the 

i 

area  of  coulosb  barrier  ^ 10-20  HcV  whose  position  very  uealcly  \ 

depends  on  type  and  energy  of  initial  particle  <Fig.  366  and  387).  1 

Their  another  distinctive  features  is  the  presence  of  the  long 

high-energy  "tail",  which  stretches  up  to  the  energies,  close  to  ' 

J 

energy  of  initial  particle.  For  example,  in  experiments  on  20-30-Gev  ! 

) 

by  protons  were  observed  the  deuterons  and  the  nuclei  of  tritium  with  ] 

I 

•4 

energies  of  the  order  several  a gigaelectrcn-vclt  (Fig.  388  and  389).  j 

j 

i 

For  the  first  time  the  investigation  of  doubly  charged  particles  | 

i 

with  the  energies,  close  to  energy  of  initial  particle,  were  made  by  1 

H.  G.  Heshcheryatov  with  the  colleagues  [4],  Studying  with  the  aid  of  j 

J 

magnetic  spectrometer  the  spectra  of  the  charged  particles,  emitted 

\ 

by  light  nuclei  Li,  Be,  C and  0 in  bean  675-MeV  of  protons,  these  1 

] 

authors  reveal/detected  the  distinct  psak  in  tbs  region  of  large 

pulses  caused  by  the  contribution  of  deutercns  the  position  of  this  ] 

peak  was  approximately  such  as  if  primary  proton  elastic  was 

scattered  on  deuteron  (Fig.  390).  Opened  by  then  phenomenon  the  | 

authors  [4]  interpreted  as  process  of  guasi-elastic  scattering  » | 

! 

4 

primary  protons  on  the  deuteron  clusters,  forming  within  target  ! 

j 

nucleus.  | 

i 

i 

i 

FCOTHOTE  Above  (see  §22  and  note  on  page  140)  quasi-elastic  we 
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called  the  nuclear  reactions,  in  which  as  a result  of  interaction  the 
target  nucleus  is  retained  as  whole,  but  it  remains  not  in  essence, 
but  in  excited  state.  Exanining  process  it  is  necessary  to  precisely 
call/nanie  for  guasi-free  scattering  particles  cn  cluster  or  by 
elastic  guasi-free  interaction.  However,  for  a brevity  and  into 
connection  with  the  historically  establishing  ter sinology  we  will  in 
this  chapter  call  these  processes  guasi-alastic  scattering.  Ve  hope 
that  this  will  not  cause  misunderstandings.  EMDFOOTROTE. 


(J 


3^6' 


2/3 


Fig.  385.  Dependence  of  the  sections  of  the  fornation  of  tritlun  and 
doubly  charged  particles  in  proton-nucleus  collisions  with  T = 600 

Be?  on  the  nass  nunber  of  target  nucleus. 


Key:  (1).  nb. 
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Fig.  386.  The  energy  spectra  of  deuterons  and  nuclei  of  tritiun, 
emitted  by  nuclei  Ag  under  the  action  cf  pretons  156  NeV  in  energy 
[30].  (0  - the  angle  of  escape  of  particles  in  the  laboratory 
coordinate  system)  . 

Key:  (1).  ab  /^MeV^ster).  (2).  HeV.  For'. 

Fig.  387.  Energy  of  the  distribution  of  the  a-particles,  which  are 
formed  during  the  interaction  of  protons  with  photoemulsion  [10,  44]. 

Key;  <1).  MeV.  (2).  GeV. 


Fig.  388.  Spectra  of  the  rapid  particles,  formed  during  the  inelastic 
collisions  of  protons  30  GeV  in  energy  with  nuclei  Al  and  escaping  at 
an  angle  0 = 90°  [ 91  ]. 


Key:  (1).  GeV/s. 


page  511. 


The  ratio  of  the  measured  nuclear  cross  sections  guasi-elastic  p 
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- d-scatt*ring  "‘‘Z  the  elastic-scat  tec  log  cross  sections 

cf  protons  on  free  deutccons  gives  the  cough  estisate  of  the 

coaplcte  effective  nusbec  of  deutecon  clusters  in  the  appropriate 


target  nucleus: 


A/j  = rrj(0)/a;,d(0).  (8.1) 


Obtained  thus  values  Sa  are  given  in  Table  123. 


The  results  of  the  work  of  n.  G.  Fieshchery akova  and  his 
collaborators  subsequently  were  detailed  by  Sutler,  etc.  [101]. 

Analogous  results  for  reactions  with  the  eoissicn  of  the  high-energy 
nuclei  of  helium  recently  were  obtained  by  V.  I-  Komarov  and 
co-authors  [ 62,  63  ].  For  these  nuclei  also  are  observed  distinct 
peaks,  in  form  and  in  position  , very  clcse  tc  corresponding 
distributions  of  nuclei  ^He  and  ^He  in  the  elastic  processes  p ♦ ’Hev^ 
p ♦ ^He  and  p ♦ ^He  — > p ♦ ^He  (Fig.  391-393).  Corresponding  values 
of  effective  number  ^He-  and  of  > He-clusters  and  A'.iie  are  shown 

in  Table  123. 


It  focuses  on  itself  attention  the  fact  that  values  .Vj,  A'.nc  ancK' 
determined  for  one  and  the  same  nucleus,  with  an  accuracy  to 
coefficient  of  1.5-2  are  equal  to  ratio  A/n,  where  n = 2,  3,  4 are  a 
number  of  nucleons  in  the  appropriate  cluster  [6^,  With  the  sane 
accuracy  the  nuclear  cross  section  of  goasi-elastic  scattering  it  is 

possible  to  calculate  according  to  the  formula 

Ox  (0)  o„x  (0)  A/n,  (8-2) 

where  (T,,x  (0) is  an  elastic-scattering  cross  section  of  proton  on  nuclei! 
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Fig.  389.  Relations  of  the  nuatbers  of  particles,  which  are  forned 
during  the  inelastic  interactions  of  protons  30  GeV  in  energy  with 
nuclei  A1  and  escaping  at  an  angle  Q = 30°  with  the  different  values 
of  their  monentua/iDpulse/pulse  p [97]. 

Key;  (1).  GeV/s. 


Fig.  390.  Pulse  spectrum  of  the  charged  particles,  which  are  formed 

during  the  collisions  of  protons  675  HeV  in  energy  with  the  nuclei  of 
carbon  and  escaping  at  an  angle  d = 7.6°  [4]:  1.  , 2.  sections  of  the 

total  spectrum;  3,  4 - respectively  the  spectrum  of  protons  and 
deuterons.  (Curves  2-4  are  shown  on  the  100-multiply  increased  scale, 
particle  moment  p - in  relative  units  (reports  cf  spectrometer). 

Key:  (1).  mb/  ster«HeV/sJ , 


Page  512. 

In  recent  years  by  the  study  cf  the  processes  of  the  emission  of 
doubly  charged  particles  for  the  purpose  of  obtaining  the  information 
about  the  properties  of  intranuclear  clusters  have  been  occupied  many 
laboratories  (see  [ 4,  49,  53,  62,  63,  65,  92,  101,  119,  120,  122  ], 
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etc.).  Errors  of  eeasureaent  and  a difference  in  the  eiperinental 

conditions  still  nol  nake  it  possible  at  present  to  obtain 
sufficiently  precise  and  eatching  with  each  other  quantitative 

conclusions,  nevertheless  even  the  obtained  estieated  data  are  of 
enornous  interest.  As  an  exanple  Table  124  gives  the  corrected  values 
of  the  effective  nuaber  of  a-clusters  in  light  nuclei,  obtained  by 
the  different  authors. 
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Tabl«  123.  Th«  •zp«ciB«ntal  data  on  quaai-alastic  knocking  out  of 
rapid  deutorons,  nacloi  >Be  and  ♦Ho  by  protons  «ith  onorgy  T » 

665-675  MeV  and  data  on  elastic  protcn  scattering  on  the  free  nuclei 
d,  *Ho  and  ♦Ho  ondor  tho  saso  conditions. 
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tabl«  12<i*  Data  on  th«  affactiva  naabac  of  fclastars  in  light 
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Ray:  (1).  Raactions.  (2).  Bnargy  X*  0*^-  (^)<  iiteratare.  («) 
Theories. 


FCOTNOTE  *.  Has  Utilized  the  natural  isotone  aiiture  of  lithiua. 
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*.  Given  is  the  average  value  fron  vork  [S3]. 
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K Designed  on  the  assunpticn  that  clustering  occurs  in  ip-shell, 
i.e. , actually  on  the  surface  of  nucleus. 

*.  Given  is  the  coaplata  affective  nunfccc,  which  considers  the 
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Fig.  391.  Output/yield  of  fast  nuclei  >He  at  an  angle  0 


5. 4®  to 


proton  beaa  665  NeV  in  energy*  which  interact  with  nuclei  ®Li* 


ISC  and  [63].  By  dotted  line  is  shewn  the  approxiaation  of  peaks 

by  Gaussian  distribution,  irrow/pointer  shoeed  the  value  of  the 
■oientua/iwpulse/palse  of  nuclei  SHe  elastic  p - * H>e-8cat teeing 
under  the  saae  conditions;  pane fleT/s,  ^::He  -^28  gey. 


Key:  (1).  wbarn/  ( ster •MeV/s) . (2).  HeV/s. 


Fig.  392.  Output/yield  of  rapid  nuclei  ^He  at  an  angle  B = 5.4®  to 
proton  bean  665  HeV  in  energy*  which  interact  with  different  nuclei 
[62].  Designations  are  the  sane  as  in  Fig.  391. 

Key:  (1).  nbarn/  (ster •HeV/s) . (2).  HeV/s. 


Page  514. 

(This  table  is  taken  by  us  fron  work  [62];  for  a conparison  are  shown 
also  theoretical  estinations.  In  nore  detail  about  this  see  in  §90). 

Neasured  by  V.  I.  Konarov  et  al.  of  value  No.  is  noticeably  nore 
I values*  obtained  in  works  [49*  92]  with  T « 150  ReV.  It  is  possible 
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that  this  conaectad  with  the  powerful  absorption,  which  substantially 
lowers  value  A/a>  measured  with  low  energies  (this  was  noted  already 
and  earlier:  see,  for  exaaple,  [15]) 


FOOTNOTE  The  noticeable  effect  of  final-state  interaction  is 
observed  also  in  the  results  of  aeasureaents  [65,  1 19,  120  ],  made 
with  energy  T = 660  HeV,  but  with  the  conditions  of  transmission  to 
the  a-clusters  of  monentuo/impulse/pulse  A cj  - 2 ferni~*.  Analogous 
effect  was  observed  in  work  yoke,  etc.  [53^  , where  the  effective 
number  in  nucleus  determined  in  reaction  (a,  2a)  with  T = 

915  HeV,  it  had  a tendency  toward  decrease  during  a decrease 
transferred  to  the  a-cluster  of  nomentuai/inpu Ise/pulse.  ENDFOOTNOTE- 


One  should  only  emphasize  that  the  comparison  of  experimental  works 
regarding  those  which  were  made  by  the  different  authors,  just  as 
the  comparison  of  theory  with  experiment,  reguires  the  most  careful 
analysis  of  the  conditions  of  experiment  (see,  in  particular,  work 
[65]).  At  the  sane  tine  that  fact  that  values  Vq,  seasured  with  T = 
660-665  neV  in  the  range  of  energy  of  the  driven  out  a-particles  from 
10  to  470  HeV,  are  distinguished  not  more  than  2-3  times,  although 
the  absolute  elastic-scattering  cross  sections  are  distinguished  in 
this  case  to  4 orders,  gualitatively  confirms  the  correctness  of  the 
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basics  idea  of  quasi-elastic  scattering  rapid  protons  during 
intranuclear  associations  over  a wide  range  of  energies  [62].  It 
follows  however  to  eaphasize  that  the  probability  of  quasi -elastic 
knocking  out  of  doubly  charged  particles  fron  nuclei  is  very  lew;  so, 

the  probability  of  knocking  oot  675-Hef  by  the  proton  of  o-particle 

^ ~ 10-^96.  ) 

fron  the  nucleus  of  carboTT ^his  is  considerably  less  than 

the  total  section  of  the  fernation  of  rapid  a-particles  with  energies 
HeV  in  collisions  p ♦ 

In  other  words,  the  doubly  charged  particles,  which  are  foraed 
in  the  processes  of  quasi-elastic  proton  scattering  on  intranuclear 
clusters,  are  only  very  snail  part  of  the  high-energy  "tail"  in  the 
total  spec tr on W' (^).  Besides  quasi-elastic  scattering  there  are  ether 
processes,  which  lead  to  the  enission  of  high-energy  conplex 
particles.  Specifically,  by  these  processes  are  caused  the  spectra  of 
deuterons  and  nuclei  of  tritiun  in  Fig.  369  and  390  and  the  spectrum 
of  o-particles  in  Fig.  394. 

As  can  be  seen  from  Table  125,  an  average  cultitude  of  traces  of 
different  types  in  stars  with  a-particles  does  not  depend  on  energy 
of  these  particles. 


%oo  1700  mo  mo  p,M38/c 


Fig.  393.  Output/yield  of  nuclei  ^He  at  an  angle  0 = 5.4®  to  ptoton 

beam  665  HeV  in  energy,  elastic  scattering  cn  free  nuclei  ^He  [633- 
Sections  are  given  in  relative  units.  The  term  cf  curve  coincides 
veil  with  curves,  that  describe  the  peaks  of  quasi-elastic  scattering 
in  Fig.  39  1 and  392. 

Key:  (t).  HeV/s. 


Table  125-  Correlation  cf  the  average  number  of  ray/beams  and  kinetic 
energy  of  a-particles  in  the  stars,  formed  during  the  interaction  of 
pi-mesons  with  energy  T = 17.5  GeV  with  the  heavy  nuclei  of 


photoeanlsion  [ 106  ]. 


oT. 

0.  1 ; 0.2 

0,2  0.3 

0,3  ; 0.4 

0,4  : 0.5 

>0,5 

rtp 

6, 9:1:0, 3 

7,7  ’_0, 4 

7,8  ' 0,8 

5,21:0,7 

9,1  ^0,7 
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7,2j  0,4 

6 , 5.  t.  0 , 5 

5,0  *.0,6 
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6,9i0.8 

12,3-t0,5 

I5,3i0,8 

13,6  *J ,0 
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in,5.ti0,6 

21 ,8i-0,9 

19, 5 *1,2 

14,8  * 0,7 

19  .1,3 
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Page  515. 

This  fact  it  is  difficult  to  understand^  if  we  consider  that  the 
formation  of  the  escaping  from  nucleus  high-energy  a-particles  occurs 
evenly  by  entire  volume  of  target  nucleus 


PCCTNOTE  As  a result  of  collisions  with  the  intranuclear  nucleons 
cf  the  a-particles,  which  escape  from  the  interior  of  nucleus, 
possesses  noticeably  smaller  energy,  than  the  a-particles,  which  were 
being  formed  on  periphery.  On  the  other  hand,  the  formation  of  rapid 
a-particles  within  nucleus  can  occur  only  during  the  central 
collisions  of  the  initial  particles  with  nucleus-target  which  are 
characterized  by  the  considerably  large  number  cf  ray/beams,  than  the 
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peripheral  collisions,  when  a-particles  are  formed  in  the  surface 
layer  of  nucleus.  ENDPOCTNOTE. 

With  this  will  agree  the  fact  of  an  increase  in  the  number  of  black 
and  especially  cascade  gray  ray/beams  in  stars  with  a-particles  as 
compared  with  the  stars,  in  which  there  are  no  traces  of  the  nuclei 
of  helium  (see  Table  12U) 


j 

FOOTNOTE  *.  According  to  Ye.  V.  Shalaginoy's  data  the  output/yield  of  | 

rapid  a-particles  in  collisions  p ♦ Em  with  T > 1 GeV  exponentially  | 

depends  on  the  number  of  h-ray/beams:  a ~ rxp  (;^,,),i,here  a a 0.4-0.  7 [96].  i 

As  it  was  noted  above,  the  probability  of  the  generation  of  complex 
particles  is  determined  by  the  value  of  the  total  energy,  transferrea 
to  nucleus  during  collision  with  particle.  ENDFCOTNOTE. 


The  mechanism  of  formation  high-energy  the  components  of  complex 
particles  in  many  respects  remains  still  unclear. 


Pig.  394,  Spectrum  of  rapid  a-particles  with  energy  s' > o,\  GeV,  \ 

forming  during  interactions  pi-mesons  with  energies  T = 7.  5 and  17.5  i 

GeV  in  photoemulsion  (respectively  broken  and  continuous  histogram)  ^ 

[106].  Histograms  can  be  approximately  apprcximated  by  exponential 
function  '''  { j'")  By  the  sane  function  are  described  the  spectra  ■ 

of  a-particles  from  interactions  p ♦ Em  with  T = 2.3-20  GeV  [96], 


i 

4 

■ 


DOC  = 77106903 


PAGE  -W-\?>3 


t 


Table  126.  Sections  of  the  nucleation  of  heliui  Kith  energy  s'  in 
photoeanlsioo,  ab. 


^>.^,1  n. 
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0.2 

>0,3 

> 0.’ 

! >0.5 
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> I ^ 

l.lHre- 
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1 P‘ 

3i~  -T  /’/n 
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3.76 

1 

0,8 

1 

(l,9S  1 0,48 

11061 

a-  -i  / ;n 

17,5 

29,1  ’-2,2 

5,  i 

0,62 

— ' 

1 ,i.'0  • 1 ,25 

0,92  f 0,23 
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5)  .-1^:7, 2 
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2,6  1 1,3 
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0,2  1 0,2 
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p -t  Cm 

2,23 

53  • H 

5,4 

6,3 
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(1041 

1 

I 

1 


Key:  (1).  Interaction-  (2).  Literature.  C^)G<V/ 

Page  516. 

In  Table  126  are  asseabled  the  sections  of  the  foraation  of  the 
rapid  nuclei  of  helium  in  photoeaulsion  vith  energies  T > 1 GeV.  All 
these  data  are  related,  mainly,  to  interactions  with  heavy  nuclei. 
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since  the  relative  nuaber  of  interactions  vith  the  light/lung 
conponent  of  photoeiulsion,  which  are  accoipanied  by  the  emission  of 
rapid  a-particle,  it  comprises  not  more  than  5c/o  »- 

FOOTMOTB  ».  T'l'iereXcre  j T « 2. 26  and  19.5  GeV  the  section  of  the 
foraatioa  of  a-particles  with  energy  ^>ioo  HeV  as  a result  of 
collisions  with  group  C,  H,  0 coaposes  respectively  1.7  ^ 0.8  and  2.4 

♦ 1.6  mb  [96],  ENDFCOTHOTE. 

Data  Tables  125  and  126  highly  useful  for  a comparison  with  the 
experiment  of  the  different  theories,  which  describe  the  generation 
of  rapid  doubly  charged  particles. 

§90.  Angular  characteristics. 


Typical  angular  distribution  of  the  a-particles,  which  are 
foraed  in  photoemulsion,  are  shown  in  Fig.  395.  The  anisotropy  of  the 
escape  of  a-particles  n^ii  comparatively  is  small;  however, 
considerably  grow/rises  during  passage  to  light  nuclei  (Fig.  396) 
becomes  the  greater  than  the  higher-energy  part  of  the  spectrum  it  is 
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examined.  The  latter  one  can  see  well  from  Fig.  397  and  from  the  data 
c£  Table  127  (see  also  Fig.  185). 


The  analysis  of  the  dependence  of  energy  of  particles  of  the 
helium  on  their  angle  of  emission  in  the  laboratory  coordinate 
system,  made  in  Hortcs  [60,  96],  shows  that  the  experimental  points  do 
not  lie  down  to  curves,  for  designed  for  the  case  of  the  elastic 
collision  of  primary  proton  with  motionless  a*particle. 
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n/n  = 1,85 
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Pig.  J95.  The  angular  distributions  of  the  a-pacticles,  which  are 

born  during  the  interactions  of  protons  and  antiprotons  in 
photoemulsion  [10,  56]. 


ley:  (1).  GeP.  (2).  deg. 
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Eig.  396.  The  angular  distributions  of  doubly  charged  particles  with 


energy 


BeT  (in  essence  of  a-particles)  , foraed  during 


interaction  protons  of  energy  660  HeV  with  the  nuclei  of  carboh 

[121]. 


Key:  (1).  deg. 


Table  127.  Values  of  the  average  and  half  angles  of  emission  of  the 
nuclei  of  deuterium,  tritium  and  helium,  which  are  formed  during 
high-energy  interactions  in  photoemulsicg  (among  the  observed  nuclei 
of  helium  basic  part  they  compose  a-particl€s) . 


nepHM»ma>f 

HaCTHUa 


5!i  ij  ,5 

51  + 2,5 

52  ‘;2,8 
50+2,5 
44+7 
54  + 5 

47,8_-i:2,5 


,^>0,2  /-« 


37,5  + 3,5 
38,5+:  4 
37,5  l4,5 
34  + 4 


32,5+4 


Key:  (1).  Initial  particle-  (2).  lapid  nucleus.  (3).  T,  GeT.  (4). 

Angle.  (5).  Literature.  (6).  and. 

Potge.  Sin. 

The  account  of  the  internal  motion  of  e-associatioas  leads  to  the 
spreading  of  picture.  During  the  calculation  were  made  the 
assumptions  that  the  a-sobstructures  have  energy  *10  BeV,  and  their 
moment nm/lmpulse/pulses  either  coincide  in  the  direction  with  the 
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■oaentUB/inpulse/pulse  c£  the  iapinging  nucleon  oc  ace  opposite  to 
it.  The  aajocity  of  expecinental  points  does  not  fall  into  region 
between  calculated  curves;  apparently,  their  spread  it  is  not 
possible  to  explain  by  the  presence  of  aonentuB/impulse/pu Ise  of 
o-clusters.  Only  a small  fraction  of  the  Icw-pcwer  particles,  which 
escape  at  angles  of  60-100**,  is  located  in  the  region  between 
calculated  curves.  Since  these  particles  ace  emitted  froa 
split.t ing/fissions  with  the  large  number  of  fine/thin  and  gray-black 
cay/beans,  their  escape  is  difficult  to  explain  by  direct/straight 
knocking  out  of  a-complexes  by  primary  protons. 

One  must  not  fail  to  note  the  weak  dependence  of  the  mean  angles 
of  ^ from  type  and  energy  of  initial  particle  in  the  case  of 

interactions  ir  ♦ Em  and  p + Em ; for  the  interactions  of  antiprctcns 
the  angle  of  61^2  turns  out  to  be  noticeably  greater  (although 
statistical  errors  in  this  case  are  very  great). 
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Pig.  397.  Dependence  of  kinetic  energy  of  o-particles  on  the  angle  of 
their  escape  [106]. 


Key:  (1).  GeV.  (2).  deg. 
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Table  128.  The  average  angles  of  enissicn  s-  and  of  g-particles  in 
photoeauls ion  stars  with  a-particles  and  in  the  stars,  where  there 


are  no  e-partlcloe  [ 96  ]. 


0 ) riepiiimHan 
laciHua 

U) 
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Maci  Mua 

SbC^Abl  c u 

pud 

, - - 

1 3w*3a»j  a 

p 

2,26 

5 

64  4-10 

53±7 

8 

e8r6 

65i6 

9 

s 

46  + 2 

— 

p 1 

8 

73  t4 

— 

p 

19,5 

s 

40-tl 

33+1 

8 

71  i2 

68±3 

p 

2,23 

s 

73-tli 

— 

8 

74j;10 

Key:  (1),  Initial  particle.  (2).  T,  GeV.  (3).  Secondary  particle. 
(4).  deg.  (5).  Stars  with  a.  (6).  stars  without  a. 


Table  129.  Sections  of  the  processes  of  the  foraation  of  protons  and 
conplea  particles,  which  are  character ired  isotropic  (<^>13)  and 
anisotropic  (<Ta!ui.O  by  angular  distributions  in  the  center-of-gravity 
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Key:  (1).  lateraction.  (2).  T«  HeT. 
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Page  518. 

Angular  distributions  s-  and  the  g-ray/beaas,  Mhicb  accompany 
the  escape  of  a-particles,  are  less  anisotropic,  than  the 
corresponding  distributions  for  events  without  the  emission  of  rapid 
or-particle.  This  fact  can  serve  as  indication  of  the  large  branching 
cf  intranuclear  cascade  with  the  formation  cf  doubly  charged 
particles  (Table  128).  As  concerns  the  distributions  of  the  angles  of 
emission  of  deuterons,  nuclei  of  tritium  and  for  bottom  are 

characteristic  the  same  features,  as  for  a-particle  distributions. 


) 


1 

■j 

i 

'4 

5 


The  anisotropy  of  the  escape  of  complex  particles  with  the 
energies,  which  do  not  exceed  several  dozen  million  electron  volts, 
to  a considerable  degree  is  caused  by  the  purely  kinematic  factors, 
connected  with  the  emission/output  nucleus-target,  and  almost 
completely  it  disappears  during  passage  to  the  oenter-of-gra vity 
system.  At  the  same  time  the  angular  distributions  of  rapid 
two-charge  particles  remain  substantially  anisotropic,  also,  in  the 
center-of-gravity  system.  This  fact  indicates  that  the  mechanisms  cf 
the  formation  of  slow  and  high-energy  particles  with  charge  Z = 2 
completely  different. 
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With  energies  T ^ 100  NeV  the  processes  with  isotropic  and 
anisotropic  angular  distribution  give  the  contribution  of  one  order 
of  nagnitude.  This  is  evident,  for  exaiple,  frci  Table  129,  that 
relates  to  the  collisions  of  protons  with  silver  and  sore  heavy 
nuclei  with  T = 90  and  156  HeV« 


Figures  398  and  399  separately  shows  energy  particle 
distributions,  which  have  respectively  isotropic  and  anisotropic 
angular  distributions  in  the  center-o£-gra vity  systen. 


0 W 20  30  %N3d  ^ 
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Fig.  398.  Energy  particle  distr ibuticns  with  isctropic  angular 
distributions  in  the  center-of-gravity  system.  Of  particle  were 
formed  during  the  collisions  of  the  pretons  of  energy  156  NeV  with 
nuclei  Ag  and  Au  [30]. 

Key:  (1).  For.  (2).  MeV, 


Fig-  399.  The  energy  spectrum  of  nuclei  He  with  anisotropic  angular 
distribution  in  the  center-of-gravity  system,  which  were  being  formed 
in  collisions  p ♦ Ag  during  T = 156  HeV  [3C]. 


Key:  (1).  mbarn/neV.  (2).  HeV. 
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Energy  anisotropica lly  of  outgoing  particles  ceally/actual ly  proves 
to  be  considerably  larger  than  energy  of  particles  with  isotropic 
angular  distribution;  at  the  saae  tiae  in  both  cases  there  is  a 
sufficiently  noticeable  contribution  of  particles  with  very  small  and 

with  high  energies.  Haximuas  in  the  spectra,  which  correspond  to 
heavier  targets,  are  shifted  into  high-energy  region. 


§91.  Nechanisms  of  knocking  out  of  complex  particles. 


Even  the  surface  exaaination  of  the  prcpecties  of  the  eaitted 
coaplex  particles  suggests  about  the  fact  that  their  significant  part 
is  formed  as  a result  of  knocking  out  by  initial  particle  or,  that  it 
is  more  probably  by  the  high-velocity  particles,  which  were  being 
formed  during  intranuclear  cascade,  two-,  the  three-  and  four-nucleon 
nuclear  clusters. 


As  showed  theoretical  studies  of  a number  of  the  authors,  within 
nucleus  really/actually  are  realized  the  conditions,  which  facilitate 
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the  ''coagulation"  of  nucleors  into  the  closely  related  associations; 
intranuclear  nucleons  the  significant  part  of  the  tine  carry  out  in 

the  forn  of  such  associations.  Is  especially  probable  the  formation 
cf  a-clusters  [8,  9,  15,  90,  100,  117].  Apparently,  the  most 
favorable  conditions  for  the  formation  cf  clusters  are  on  the 
periphery  of  nuclei  [47,  113]. 

Are  known  at  present  several  theoretical  approaches,  which  make 
it  possible  to  obtain  the  representation  of  the  properties  of 
clusters  and  the  parameters  of  their  notion  within  nuclei  (see,  in 
particular,  [8,  9,  15],  where  as  the  basis  cf  the  calculations  is 

placed  shell  model) , However,  these  approaches  are  constructed  cn  the 
mechanism  of  quasi-elastic  knocking  out  of  cluster  by  initial 
particle  and,  thus,  they  cannot  be  critical  for  basic  part  of  the 
process  of  the  formation  of  complex  particles.  Cn  the  other  hand, 
since  the  experimental  information  about  clusters  is  still  very  lean, 
and  the  corresponding  theoretical  estimations  are  insufficiently  are 
reliable,  is  of  interest  the  reverse/inverse  setting  of  the  prcblem, 
when  the  values,  which  characterize  the  formation  of  clusters  in 
nucleus,  are  embedded  into  theory  phencmenclog ically  and  subsequently 
are  defined  by  means  of  the  comparison  of  the  results  of  the 
calculation  with  experiment  under  the  condition  that  the  calculation 
with  the  smallest  nraber  of  parameters  would  explain  a greatest 
quantity  of  the  experimental  data  similarly,  for  example,  as  of  the 
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experinents  on  scattering  are  deternined  the  nucleon  form  factors  and 
nuclei.  The  possibility  of  this  approach  is  based  on  the  Monte-Carlo 
simulation  of  the  ictranuclear  cascades,  which  involve  interactions 
with  clusters  [1,  3,  11,  34,  84,  85,  122]. 

Let  us  examine  first  the  simplest  model  with  the  sharp  boundary 
of  nucleus  and  with  the  uniform  the  spatial  distribution  of  a- 
clusters;  besides  the  a-particles  of  no  other  clusters  thus  far 
consider  let  us  [ 1 1 ]»  This  will  allow  us  tc  explain,  which 
experimental  data  can  be  reproduced  within  the  frameworlc  of  this 
model,  which  requires  a comparatively  small  volume  of  computational 

work,  and  it  can  serve  as  basis  for  the  further  analysis  of  the 
effect  of  fine/thinner  parts  of  nuclear  structure. 

The  use  of  contemporary  computers  and  a mere  precise 
experimental  information  about  the  interactions  of  nucleons  and 
a-particles  makes  it  possible  to  make  mere  reliable  conclusions,  than 
in  works  [ 84,  85,  122].  Target  nucleus  let  us  consider  as  the 
degenerate  Fermi  gas  in  sphere  with  radius  F = 1. 3»A*/^« 10-» ^ cm.  The 
probability  of  the  elastic  collision  of  cascade  nucleon  with  cluster 
let  us  place  equal  to 
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where  value  let  us  consider  as  paraaeter,  which  is  selected  from 

the  condition  of  the  best  fit  of  the  results  of  the  calculation  with 
experiment.  After  the  collision  of  nucleon  with  cluster  is  outlined 
the  further  motion  of  a-particle  within  nucleus  and  is  considered  its 
elastic  scattering  on  intranuclear  nucleons;  in  this  case  cne  should 
accept  into  consideration  Pauli’s  principle.  Let  us  consider  also  the 
possibility  of  the  subsequent  inelastic  collisions  of  a-particle  with 
the  nucleons  of  nucleus,  by  characterizing  their  probability  by  value 

U>?n(r) 

since  however  energy  of  particles,  which  ate  formed  in  collisions  a ♦ 

N,  as  a rule,  is  very  small,  these  particles  cannot  overcome  barrier 
and  remain  within  nucleus.  The  processes  of  pior  formation  thus  far 
consider  we  will  not. 
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Fig.  400.  Energy  and  angular  distributicns  of  the  secondary  protons, 
which  are  formed  during  the  interactions  of  the  protons  of  energy  660 
neV  with  the  nuclei  of  carbon.  Continuous  histcgran  is  the 

i 

] 

calculation  with  the  parameters  u,x-^o.2,  a = 260  HeV/s,  ¥ = 10  HeV;  | 

dotted  line  - for  ¥ =*  13  HeV;  point  histogram  is  the  calculation 

j 

without  o-clusters  ] 


Key;  (1).  deg«  (2).  GeV. 


Fig.  401.  Energy  and  angular  distributicgs  of  the  waiting 
a-particles.  Designations  are  the  saae  as  in  Fig.  400. 
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a-particle  distribution  according  to  Domentum/impulse/pulses  in 
the  nucleus  of  carbon  let  us  select  in  the  form  U (p)  = const*exp 
(-p*/a'2)  a St  260  HeV/s  (see  [93]). 


The  angles  of  emission  of  the  elastic  scattered  a-par tides  let 
us  develop  according  to  differential  angular  distribution  in  the 
center-of-gravity  system  N ♦ a,  which,  cn  the  basis  of  Known  now 

» i 

experimental  data,  let  us  select  in  the  form 


H7  (0)  dQ  - const -exp  ( - ( 2 M'O  0-)  dQ, 

i 40 


(8.3) 


where  bo  * 0.615;  bj  = 11-12;  bg  = 424.7;  h,  = 1461;  = 1288. 

Let  us  consider  a-particle  flown  out  from  nucleus,  if  this 
particle  proves  to  be  outside  sphere  with  a radius  Ra  — R — u,  where 


— a radius  of  a-particle  itself,  and  its  kinetic  energy  are  not 
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less  than  the  height/altitude  c£  the  cculook  bacriec  of  the  nucleus: 

^ > V'fc.  In  other  words,  we  consider  that  if  the  a-particle  is  driven 
out  fron  the  center  of  nucleus  up  to  distance  '' > R'a,  then  in 
exterior  no  longer  it  reaains  the  nucleons,  with  which  this  particle 
could  interact  [11]. 

The  results  of  cascade  calculations  together  with  the 
experimental  data  fron  the  work  of  A.  P.  Zhdanov  and  P.  I.  Fedotov 

[121]  are  given  in  Table  130  and  in  Fig-  4C0-402-  The  calculations 

are  aade  for  three  cases:  without  taking  into  account  of  a-clusters 

(:e'a  0) 

A and  two  versions  with  a~  clusters,  that  are  distinguished  by  the 
height/altitude  coulomb  barriers  Vk- 


Pig.  402.  Excitation  energy  of  reaanent/residual  nuclei.  Designations 
are  the  sane  as  in  Fig.  400. 


Key:  (1).  MeV. 
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Table  130.  Comparison  of  experinental  and  theoretical  data  for 
interactions  p * *c  with  T = 660  MeV  depending  on  the  paraaeters  of 
the  distribution  of  «-  clusters  within  nucleus  f 1 1 ]. 


*0 

iVl 

a,  Mjt/c 

/X) 

f 3)  Bu\oj  iiaep,  % 

c 

B 

Be 

Li 

"a 

0 

0,2 

0,2 

1 200 

2G0 

10 

13 

23,6  > 2,4 
27.2-2,1 

28,2u^2,’l 

34,6  1 2,S 
2S,4  2,2 
33,7+2,1 

31,1+2,7 
31 ,6  i;2,3 
29,3  );2, 2 

8.5±1,4 
12,9  -1,5 
12,1  + 1,4 

0 

1 0,17  * 0.02 

1 0,11_J.0,01 

3hCllt  pHMtHT  1121] 

20,7;L3,0 

28,9+2.5 

29,6.+  2,5 

14,8+2,0 

0,15+0,02 

Key:  (1).  MeV/s.  (2).  MeV.  (3).  Output/yield  of  nuclei,  o/o-  (4). 
Experiaent  [121]. 

"a-  the  average  nuaber  of  cascade  o-particles  taking  into 
account  one  splitting/fission. 
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Although  in  experiaent  are  observed  the  total  distribution 


of 


i 

J 


protons  and  a-particles,  which  include  both  particles,  which  escape 
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froa  nucleus  as  a result  of  knccking  out  bj  their  cascade  nucleons 
and  the  particle,  which  are  formed  upon  decay  cf  reoanent/residual 
nuclei,  in  work  [121]  these  two  types  of  particles  are  divided  and 
the  experioental  data  in  Fig.  400-402  and  in  Table  130  are  related 
only  to  cascade  particles 

FOOTNOTE  *.  In  work  [121]  was  investigated  the  interaction  of  primary 
protons  with  diamond  dust,  introduced  into  photcemulsion,  thanks  tc 
which  it  was  possible  to  attempt  to  establish/install  not  only  nature 
and  the  characteristics  of  decaying  particles,  tut  from  decay 
products  to  identify  also  the  type  of  the  nucleus,  remaining  after 
the  passage  of  the  cascade  stage  of  process,  and  its  excitation 
energy  E *. 


Cascade  and  decay  particles  were  divided  by  means  of  the 
comparison  of  the  angular  and  energy  distrituticns  of  the  being  born 
particles  in  the  center-of-gra vity  system  and  in  the  laboratory 
coordinate  system.  It  was  assumed  that  all  the  cascade  particles 
escape  in  the  center-of-gra vity  system  into  forward  half  sphere, 
whereas  the  dispersion/divergence  of  decay  particles  is  isotropic  in 
the  system  of  the  rest  of  residual-nucleus.  ENDFOOTNOTE. 


Since  in  experiment  [121]  of  nucleus  with  the  identical  charge 


thus  far  not  clear  phenomena  on  the  periphery  cf  nucleus  (possibly, 
the  pick-ups  reaction  of  clusters  ^He,  or  cf  the  diffusivity  of  the 


boundary  of  nucleus,  although  according  to  the  data  [49]  the  latter, 
apparently,  does  not  give  laige  effect) • then  the  portion  of 
a-particles  with  energy  jr>32  HeV  will  comprise  not  more  than 
3-60/0-  This  will  agree  with  3o/o-  by  value  from  experiment  [32]  (see 


also  monograph  [19]);  however,  considerably  less  than  it  was  observed 
in  work  [121],  where  the  portion  of  bigb-eoergy  o-particles  was  30o/o 
and  it  was  outlined  up  to  energies  ~ 70  MeV- 


Best  fit  with  the  experimental  data  [82,  121]  in  region  S' <32 
HeV  succeeds  in  obtaining,  if  the  heigbt/altitude  of  Coulomb  barrier  K* 
is  assumed  equal  to  10-13  HeV,  and  for  other  two  parameters  is 
selected  values  = 0,2  and  a = 260  HeV/s  2. 


FOOTNOTE  In  order  that  it  would  be  possible  to  draw  a comparison 
with  experiment,  during  calculations  was  utilized  the  sane  criterion 


I 
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of  selection  one-  and  tMo-pconged  stars  as  in  work  [121].  Particle 
was  considered  slow,  if  its  energy  J' < 30  HeV.  ENDFOOTNOTE- 


The  variation  of  the  value  of  the  paraneters  u'a  and  a near  these 
values  weakly  changes  calculation  data  [2].  The  values,  which  relate 
to  protons,  and  the  energy  distribution  of  the  excitation  of  the 
reaanent/residual  nuclei  M (£  *)  generally  sufficiently  weakly  depend 
on  identification  of  paraneters  Wa,  and  a. 


It  should  be  noted  that  the  agreesent  of  experinent  and  theory 
for  the  angular  distributions  of  o-particles  is  worse  than  for  their 

energy  spectra.  On  experiment  is  observed  noticeably  the  larger 
nunber  of  particles,  which  escape  in  the  region  of  small  angles 
(although  errors  of  measurenent  are  still  sufficiently  great).  It  is 
possible  to  think  that  partially  this  is  connected  with  primary 

distribution  of  a-clusters  on  the  periphery  of  nucleus  -the  fact, 
which  we  thus  far  did  not  consider. 

Table  130  shows  that  the  output/yield  of  remanent/residual 
nuclei  in  all  cases  turns  out  to  be  close  to  experimental;  the 

account  of  a-  clusters  improves  this  agreement. 


Thus,  cascade  model  taking  into  account  a-clusters  explains 
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sufficiently  well  the  properties  of  the  significant  part  of  the 
cbserved  in  experiment  a-particles,  which  remain  after  the 
isolation/evolution  of  decay  particles.  For  the  elimination  of 

disagreements  with  experiment  in  the  high-energy  part  of  the  spectrum 
first  of  all  is  required  the  refinement  of  experiment,  and  alsc  the 
more  careful  theoretical  examination  of  phenomena  on  the  periphery  of 
nucleus. 

It  is  possible  to  attedpt  to  use  cascade  model  for  explaining 
this  particular  characteristic  as,  fcr  example,  recorded  in  the 
experiments  of  V.  I.  Komarov,  G.  Ye.  Kcsareva  and  0.  V.  Savchenko 

[62]  the  escape  of  rapid  a- particles  in  the  direction,  close  tc  the 
direction  of  the  motion  of  primary  proton.  For  this  is  necessary  the 
careful  analysis  of  the  parameters  of  model.  Hcvever,  for  this 
separately  taken  characteristic  can  turn  out  tc  be  that  which 
determine  and  some  other,  special  mechanist  of  interaction. 

Page  523. 

Almost  all  the  made,  until  now,  cascade  calculations  of  the 
escape  of  a-particles  are  related  to  interactions  with  light  nuclei. 
Ihe  analysis  of  processes  in  heavy  nuclei  is  considerably  more 
complex:  in  this  case  the  important  role  plays  the  absorption  of  the 
driven  out  a-particles  in  the  interior  of  nucleus,  and  that  which 
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gives  experiment,  it  is  related,  in  essence,  tc  the  periphery  cf  the 


nuclei,  where  the  properties  of  clusters  can  be  in  no  way  such,  as 


within  nucleus. 


The  estimations  of  V.  I.  Ostroumova  and  R A.  Filova  [84]  showed 


that  knocking  out  of  rapid  a-particles  from  the  heavy  nuclei  of 


photoemulsion  by  protons  with  energy  r ~ 100  --  700  MeV  can  be  explained 


by  cascade  mechanism,  if  we  assume,  that  in  the  surface  layer  of  the 


nuclei  of  silver  and  bromine  nucleons  approximately  the  half  of  time 


they  are  in  the  form  of  o-clusters  (analogous  conclusion  is  obtained 


also  for  light  nuclei  C,  N,  0;  this  more  than  twice  exceeds  our 


estimation,  see  above).  It  is  necessary,  however,  to  keep  in  mind 


that  from  the  viewpoint  of  present  day  the  calculations,  made  in  work 


[84],  are  represented  by  very  approximately.  The  process  of 


clustering  in  heavynuclei  and  the  mechanism  of  the  emission  of  rapid 


two-charge  particles  from  these  nuclei  require  more  careful  analysis. 


In  the  same  way  as  for  a-particles,  it  is  possible  to  examine 


knocking  out  deuteron  clusters,  clusters  of  tritium  and  ’He.  In  the 


latter  case  is  very  important  the  account  cf  the  inelastic  collisions 


of  cascade  particles  with  the  a-clusters,  with  which  the  product 


nuclei  ’He;  other  possible  mechanisms  of  formation  ’He  give 


relatively  small  contribution  [15,  66,  69]. 
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Onf ortunately , the  experinental  infornation  about  the  generation 
cf  the  rapid  particles  d,  t and  ^He  considerably  leaner  than  for 
a- particles;  therefore  the  conclusions  about  the  probabilities  of 
foraation  and  distributions  within  the  nucleus  cf  clusters  d,  t and 
3He  are  very  uncertain.  If  we  are  based  on  these  works  [ tt,  63],  then 
one  should  conclude  that  in  any  case  in  the  peripheral  regions  of 
nuclei  effective  probability  Wd,  w,  and  tcaue  the  same  order  of 
magnitude  as  the  probability  of  the  formation  of  a-clusters  ®a. 
however,  to  this  conclusion  one  should  be  related  thus  far  even  with 
large  precaution. 

In  D.  I.  Blokhintseva 's  work  [18]  to  evaluate  the  number  of 
clusters  are  used  the  statistical  considerations,  based  on  the 
assumption  that  the  clusters  are  the  fluctuation  of  the  density  cf 
intranuclear  nucleons.  According  to  this  model  the  knocking  out  of 
the  cluster,  which  consists  of  a of  nucleons,  by  the  rapid  particle  x 

occurs  at  that  torque/ioaent,  when  these  nucleons  are  located  from 

R ~ (2— 3)/!//n.vC-(4— 6)-10-” 

each  other  on  distances  cm.  and  strongly 

interact.  In  this  case  rapid  particle  has  the  capability  to  transmit 
its  lomentum/inpulse/pulse  to  cluster  as  whole.  The  section  of  this 
interaction  u = (/?),  where  (t,o — total  cross  section 

quasi-elastic  * - a-  interaction,  and  value  WaiR)  is  probability 
that  a of  intranuclear  nucleons  are  located  at  the  distances  smaller 


than  R 
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If  w«  fdir)  designate  the  wave  function  cf  deuteron,  then  by 
crdec  of  value 

fi 

(/e)  = 4ji  { li'S  (/-)  n dr  ^ (4:i /3)  (0)  (2;  3)  (8.4) 

0 


where  the  function  ’rd(/')  at  r - 0 is  apptoxi mated  by  the  function 
cf  Hulthen 

’I'd  ('■)  = y “/2-'i  [exp  ( — ar)  — e.\p  ( — pr)]//-.  (8.5) 

Estimate  of  the  magnitude  \Va(R)  for  other  clusters  is  even 
more  difficult.  Entirely  tentatively  it  is  possible  to  count  that, 
for  example,  for  tritium  probability  W’(  (/?)  — the  value  of  order  WliR) 

Y m,QilmdQd 

with  correction  for  that  fact  that  the  parameter  a for  tritium  7 
times  is  higher  the  deuteron  parameter  a (here  Qt  and  Qd 
binding  energy  in  tritium  and  deuteron,  mi  and  ma—  their  reduced 
masses  with  respect  to  one  driven  out  cf  nucleus  nucleon  [18]).  This 
decrease  in  value  a expresses  the  fact  that  tritium  is  the  more 
closely  related  group  of  nucleons,  than  deuteron- 

Similarly  for  a a-cluster  one  should  select  value  at  YrrYQJmaQd 


I 


tines  larger  than  deuteron. 


The  total  cross  section  of  knocking  out  of  cluster  a from 
nucleus  with  Z by  protons  and  N by  the  neutrons 

a„  -{Z.\’,2A)ai,WAR) 

(in  this  case  is  assumed,  that  knocking  out  of  clusters  with  egual 
probability  occurs  on  entire  target  nucleus;  this  is  approximately 
correct  for  light  nuclei). 

Page  524. 

The  results  of  such  simple  estimations  are  sufficiently  close  to 
experiment  in  the  case  of  knocking  cut  of  deuterons;  however,  give 
too  low  values  of  the  sections  of  the  formation  of  heavy  doubly 
charged  particles 

FOOTNOTE  *.  One  must  not  fail  to  note  that  with  "fluctuating" 
estimations  frequently  are  compared  the  total  experimental  sections 
of  the  formation  of  the  rapid  nuclei  of  tritium  or  ^He,  significant 
part  of  which  is  caused  by  the  cascade  interactions,  more  complex 
than  simple  quasi- elastic  scatterinq  [108,  111]-  It  is  understandable 
that  in  these  cases  are  obtained  the  incorrect  conclusions.  As 
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already  mentioned  above  (see  page  514),  prcfcability  of  quasi-elastic 
knocking  out  of  clusters  is  very  small.  ENDfOCINOTE. 

The  very  interesting  mechanism  of  the  emission  of  fast  deuterons 
vas  proposed  by  Butler  and  Pearson  [21,  22].  In  their  model  the 

formation  of  deutercns  occurs  in  the  process  of  developing  the 
intranuclear  cascade,  when  cascade  neutron  and  proton,  the  having 
approximately  identical  momentum/impulse/pulses,  are  united  into  the 
deuteron,  which  then  escapes  from  nucleus.  To  this  process  correspond 
three  diagrams  (Fig,  403). 

1.  In  the  initial  state  there  are  a nuclear  neutron  with 
■omentum/impulse/pulse  kj  and  a cascade  proton  with 

lomentum/impulse/p ulse  k^.  Neutron  is  scattered  by  potential  of  V (r) 

and  transfer /converts  to  state  kj.  Further  particles  with 
iromentam/impulse/pulses  kj^  and  k^  under  the  action  of  nucl eon- nucleon 

potential  U.v.v  (r)  ace  united  into  deuteron.  The  formed  deuteron  with 
momentum/impulse/pulse  k escapes  from  nucleus. 

2.  Process  proceeds  as  in  the  case  (1),  but  proton  and  neutron 
are  changed  by  roles. 


3.  Neutron  and  proton  interact  with  each  ether  with  the 
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[ Fig.  404.  The  output/yield  of  high-energy  deutecons  during  the 

collision  of  the  protons  of  energy  T with  nuclei  Be  in  units 
particle«ster~* • [GeV/s)  - (first  proton) ~ ‘ [22];  9 - the  angle  of 
enission  of  deuterons;  unbroken  curves  are  an  experiment,  dotted  line 

[ is  a result  of  the  calculation  according  to  fornula  (8.7). 

I Key:  (1).  GeV.  (2).  GeV/s. 

i 

i 
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Everything  three  diagrams  can  be  designed  uich  the  aid  of 
perturbation  theory-  Talcing  into  account  relativistic  corrections  the 
number  of  deuterons  with  momentum/impulse/pulse  k,  which  are 
necessary  on  the  average  by  one  splitticg/f issicn  of  target  nucleus, 
is  obtained  equal  to 


where 


I mi  — i]cos  I 


- .2 

(r-i 


J ' - 


a=«2  i (i  4 11/2)2  n . 

a2y^2  j (5- 11/ 2)2  I J ’ 


to  B - a radius  of  target  nucleus;  a is  the  deuteron  parameter  in  the 
function  of  Hulthen  [see  formula  (8-5)  ];  n,,{g) — the  number  of 

cascade  protons  with  momentum/impulse/pulse  q;  "t ^V/h",  V - the 

depth  of  the  optical  potential  of  target  nucleus;  A—  the  wave 
number  of  proton,  which  corresponds  to  momentum  t GeV/s  (value 
are  expressed  talcing  into  account  the  unit  cf  sclid  angle, 
unit/single  momentum/impulse/pulse  1 GeV/s  and  cne  primary  proton)- 
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As  can  be  seen  fcon  Fig.  404«  the  designed  by  focnula  (8.7) 
spectra  of  the  deuterons,  which  escape  fron  nuclei  under  the  action 
cf  protons  with  energy  T = 10-30  GeV,  they  will  agree  well  with 
experiment. 


§92.  Corpuscular  emission  d,  t and  He  in  the  processes  if  the  decay 
of  remanent/residual  nuclei. 


The  mechanism  of  knocking  out  knowingly  cannot  explain  the 
emission  of  all  complex  particles,  observed  in  experiment.  This 
follows  already  from  that  fact  that  in  the  considerable  number  of 
cases  from  nuclei  escape  the  "sub-barrier”  particles  whose  energy  is 
less  than  the  height/altitude  of  the  coulomb  barrier  of  target 
nucleus  (for  example,  see  Fig.  201).  On  the  existence  of  the 
different  mechanisms  of  the  formation  of  complex  particles  speaks 
also  the  fact  that  after  the  isolation/li beraticn  of  particles  whose 
characteristics  will  agree  with  the  calculations  according  to  the 
cascade  theories,  which  remained  particles  they  have  virtually 
isotropic  angular  distribution  in  the  coordinate  system,  connected 
with  target  nucleus. 
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It  is  possible  to  think  that  the  detecained  part  o£  the  complex 
particles  with  the  energies,  which  do  net  exceed  several  dozen 
million  electron  volts,  is  formed  in  the  processes  of  evaporation  and 
the  processes  of  more  rapid  decompositicn/decay  of  the  excited 
residual-nucleus.  In  this  case  qualitatively  becomes  becomes  clear 
the  isotropy  of  the  escape  of  particles,  and  the  sub-barrier  part  of 
the  spectrum  can  be  interpreted  as  consequence  of  a reduction  in  the 
height/altitude  of  coulomb  barrier,  caused  by  the  thermal  expansion 
cf  remanent/residual  nucleus. 


The  performance  calculation  of  the  complex  particles,  which  are 
formed  upon  decay  of  r emanent/residual  nuclei,  conducts  by  the  same 
methods,  as  for  the  escaping  nucleons  (see  Chapter  6).  However,  in 
order  to  obtain  best  fit  with  experiment,  now  very  frequent  necessary 
to  select  large  values  of  parameter  a,  than  for  nucleons,  whence  it 
is  possible  to  draw  the  conclusion  that  the  doubly  charged  particles 
evaporate  from  nucleus  at  the  earlier  stage,  when  the  temperature  of 
nucleus  is  still  great  [50,  75,  77,  118]  *. 


FCOTNOTE  Let  US  note  that  unlike  the  examined/considered  in 
chapter  9 case  of  the  emission  of  fragments  with  charges  Z > 4 for 
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doubly  charged  particles  the  best  fit  nith  experiment  is  reached  with 
values  of  the  parameters,  included  within  physically  acceptable 
limits.  ENDFOOTNOTE. 

Figure  405  with  experiment  compares  the  obtained  thus  energy 
distributions  JoWJ".  The  calculation  correctly  transfers  the 

position  of  maximum  and  the  absolute  value  of  sections;  differences 
become  considerable  only  with  > 20  neV,  where  the  theory  predicts 
the  smaller  probability  of  the  emission  of  complex  particles  how  this 
is  observed  on  experiment.  It  is  possible  that  partly  this  connected 
with  insufficiently  by  correct  isolaticn/evolution  of  "cascade” 
particles  in  work  [38].  Will  agree  well  with  experiment  also  the 
results  of  the  calculation  of  the  probabilities  of  the  separate 
channels  of  the  decompositicn/decay  of  the  light/lung 
remanent/residual  nuclei,  which  are  formed  after  cascade/stage  (see 
Table  106). 

Work  [81]  compares  calculated  and  experimental  values  of  the 
angular  asymmetry  "n/n  for  the  a-particles  c£  the  different  energies, 
which  were  being  formed  during  interactions  140-  MeV  of  protons  in 
photoemulsion.  First  conducted  the  calculation  cf  intranuclear 
cascade  and  it  was  determined  the  excitaticn  energy  of  the 
remanent/residual  nucleus  E then  was  calculated  the  evaporation  of 
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a- particles. 

Page  526. 

For  o-particles  with  energy  less  than  several  itillion  electron  volts, 

was  obtained  the  agreeaent  with  experinent;  however,  with  high 

energies  conputed  values  n/n  considerably  lower  than  observed  in 

experinent.  For  example,  with  HeV  (n/n)sKcn  = 0,9;  {«/ri)r.op -1,4.  For 

the  agreement  of  theory  with  experiment  it  is  necessary  to  assume  i 

that  on  the  average  talcing  into  account  one  star  of  0.25  a-particles  j 

1 

i 

they  are  formed  in  the  processes,  different  frcx  evaporation.  ] 

Analogous  results  are  obtained  for  higher  energies  of  initial  i 

i 

J 

particles. 

In  many  other  works,  where  were  compared  the  results  of  the 

calculation  with  the  total  experimental  data  without  the 
isolation/liberation  of  the  contribution  of  cascade  particles,  also 
it  is  noted  that  vaporization  theory  explains  orly  the  part  of  the 
total  cross  section  of  the  emission  of  complex  particles.  This  is 
evident,  in  particular,  from  Table  131. 


i 


DOC  = 77106904 


PAGE  I (pY 


z?o  nu.ipH 


aif^  MoO 


d M- 


t \30\ 


0. 1 1 I j I ..  \ %on I 1 L J I o,X — J — j — -lA 

0 5 W 15  20  25  0 5 10  15  20  25  10  15  20  25f,M30l 

Pig.  405.  Coaparlsoa  of  the  calculated  (1)  and  expeciaental  (2) 
sections  of  the  formation  of  complex  particles  uith  isotropic  angular 
distribution  in  the  system  of  target  nucleus  [3€].  Particles  mere 
formed  as  a result  of  the  interactions  of  the  protons  of  energy  156 
ReV  with  the  nuclei  of  silver. 


Key:  (1).  mbarn/HeV.  (2).  ReV. 
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Table  131.  Coiparison  of  the  expeciaental  aod  calculated 
cross-sections  of  the  focaation  of  tritiua  duciny  the  interact  ions  of 


protons  uith  the  nuclei  of  icon  and  lead  [87]. 


<Vi 

[i', 
r,  Mss 

SHeprMH  B03^y>K- 

£ *,  Mss 

^ ^CesenMc 

np>tVoe 

^iVpjtyoc  H hofMHHue 
h.  ■ He 

Fe 

■ bO 

35 

0,51 

1 ,20 

4,2 

75 

41 

0,86 

2,00 

4,3  • 0,8 

93 

47 

1 ,31 

3,04 

5tl 

1 00 

48 

1 ,34 

.3,16 

4.8  ■ 0,9 

1 35 

49 

1 ,43 

.3.. 34 

6,1  -1  ,2 

150 

.50 

1,,54 

.3,. 58 

6,1  1,1 

jtiO 

51 

1 ,.58 

7.2 

177 

53 

1 ,74 

4.05 

6.6.‘-l  .2 

•1.50 

75 

4,30 

10.1 

28  ^ 5 

lOOO 

1.30 

13.0 

31  ,0 

oO 

2050 

180 

20,6 

49.6 

,53  ■ 8 

Pb 

' .120 

70 

1 

7,75 

17.4 

i ir  - 5 

300 

100 

17,0 

1 O 

73  • 22 

■>50 

1.30 

26,5 

61 ,0 

o:  27 

71  S 

550 

loO 

.38.0 

S8,3 

87  26 

f.00 

1 70 

41,7 

97,0 

157-47 

t,50 

180 

44,5 

103.5 

186  ■-.56 

20.50 

97,0 

231 ,0 

510-:72 

i t 

} • 

li 

\ •(' 


I 


Key;  (1).  Nucleus.  (2).  WeV.  (3).  Excitation  energy  E *,  MeV-  (4) 
Section  of  the  foraation  of  tritium,  ab.  (5).  Direct/strai ght 
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evaporation.  (6).  Direct/straight  and  indirect  evaporation.  (7).  | 

Experiment  ] 

\ 

1 

FCOTNOTE  See  Table  121-  ENDFOCTNOIE*  J 

J 

1 

A 

i 

4 

J 

Page  527.  i 

i 

At  the  same  time  that  statistical  theory  of  evaporation,  which  I 

Dsually  is  utilized  for  the  calculations  of  the  emission  of  the  \ 

deuterons  and  other  complex  particles  (see  Chapter  6),  itself  needs 
improvement,  since  it  does  not  consider  the  processes  of  the 
so-called  indirect  evaporation,  when  complex  particle  is  formed  by 
the  association  of  several  less  complex  particles,  which  escape  from 
nucleus  as  a result  of  the  usual  process  of  evaporation  (this  process 
conditionally  let  us  call  direct/straight  evaporation)  [87].  For  * 

example,  the  indirect  evaporation  of  the  nucleus  of  tritium  can  occur 
as  a result  of  the  direct/straight  evaporation  of  neutron  and  two  1 

protons  and  their  subsequent  associaticn  or  as  a result  of  the 
association  evaporative  deuteron  and  neutron. 


The  theory  of  indirect  evaporation  is  examined  in  detail  by  I 
I.  P'yanov  and  his  co-authors  [52,  54,  55,  87],  It  was  shown,  that 
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the  probability  of  the  process  of  indirect  evapcration  can  be  \ 

represented  in  the  form  of  the  product  cf  the  probabilities,  which  ! 

i 

correspond  to  the  processes  of  the  direct/straight  evaporation  of 

■I 

component  parts,  and  to  the  probability  of  their  subsequent  ' 

1 

association  into  the  nucleus  of  tritium.  \ 

\ 

I 

The  results  of  the  calculation  of  the  sections,  which  consider 
the  processes  of  indirect  evaporation,  are  given  in  Table  131.  He  see 
that  these  processes  give  very  considerable  contribution. 

Unfortunately,  the  theory  of  indirect  evapcraticn  and  its  agreement 
with  experiment  are  still  very  weakly  investigated  and  any  determined 
conclusions  are  represented  thus  far  premature. 


In  conclusion  let  us  mention  even  about  the  attempt  of  Hagedorn 
to  explain  the  emission  of  rapid  deuterons  tecause  of  the  purely 
statistical  process  of  their  formation  during  inelastic  collisions 
within  nucleus  in  the  same  way  as  this  occurs,  for  example,  for  the 

strange  particles  whose  generation  is  well  described  by  Fermi's 
statistical  theory  [45,  46]-  However,  the  sections  of  the  formation 
of  such  deuterons,  in  the  first  place,  are  too  small  in  order  to 
explain  experiment,  and,  in  the  second  place,  statistical  theory 
predicts  powerful  increase  with  energy  of  the  ratio  of  the  number  of 
emitted  deuterons  to  the  number  of  protons,  what  is  not  observed  on 


experiment. 
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h * * 

He  see  that  the  combined  use  of  cascade  and  evaporative  models, 
apparently,  makes  it  possible  to  hope  to  explain  the  base  properties 
cf  the  processes  of  the  emission  of  doubly  charged  particles. 
However,  comparison  with  experiment  made  thus  far  still 
insufficiently  thoroughly  and  thoroughly,  here  is  required  further 
experimental  and  theoretical  work. 
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Chapter  9. 


FRAGMENTAT ION. 


§93-  Preliminary  observations 


As  for  many  other  phenomena  of  nuclear  high-energy  physics,  the 

first  information  about  the  formation  of  fragments  - fragments  uith 

the  masses,  greater  than  for  the  nucleus  of  helium,  and  with  charges 
^*>3—  were  obtained  In  experiments  with  cosmic  radiation  still 
during  the  prewar  years  ) 

[62,  65,  115];  however,  systematic  research  on  the  processes 
cf  fragmentation  was  begun  only  in  50-x  years  after  inauguration  of 
accelerator  with  the  energy,  greater  than  several  hundreds  of  million 
electron  volt-  For  investigation  were  utilized  toth  radiochemical  and 
photoemulsion  methods  and  the  precision  electronic  technology  with 
proportional  and  scintillation  counters. 


At  the  present  time  is  accumulated  the  enormous  experimental 
material  whose  analysis  showed  that  the  fragmentation  possesses  a 
whole  series  of  the  very  specific  special  feature/peculiarities. 


1 


which  essentially  differ  this  phenomenon  from  the  cascaae- evaporat ive 
process  of  nuclear  disinteyration  and  from  fission  reaction.  However, 
since  available  now  there  is  nc  consecutive  theory,  which  describes 
the  formation  of  fragments,  fragmentation  frequently  is  called  the 
formation  of  heavy  multiply-charged  fragments  with  >^4,  > 3 and 

mass  number  .l^,  ~ 5 — 40  irrespectively  of  the  type  of  the  process,  in 
which  these  fragments  were  formed  (specifically,  this  process  it  can 
be  the  examined  above  evaporation  of  the  excited  nuclei).  Thus,  from 
the  very  beginning  it  is  possible  to  expect  that  the  phenomenon  of 
fragmentation,  since  it  now  is  understood,  hardly  be  managed  to 
explain  by  some  mechanism;  most  likely  this  - the  totality  of  several 
different  in  their  nature  processes. 


Below  we  discuss  the  basic  experimental  laws  governing  the 
process  of  fragmentation  and  let  us  examine  the  models,  which  were 
being  proposed  by  the  different  authors  for  their  explanation.  The 
detailed  presentation  of  all  these  questions  wculd  take  away  far  into 
the  region  of  nuclear  structure  and  would  requite,  in  essence,  the 
writing  of  separate  monograph;  therefore  for  familiarization  with 
parts  we  send  away  the  reader  to  the  original  literature  (see  the 
:opy  of  works  on  page  560)  and  to  survey/coverages  [39,  87,  105, 

107],  where  also  it  is  possible  to  find  detailed  bibliography. 


i. 
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594,  Sections  of  the  process  of  f raymentation. 


The  experimental  information  about  the  sections  of  fragmentation 
tor  the  basic  target  nuclei  and  most  widely  kncwn  fragments  is 
assembled  in  Table  132.  From  the  data  cf  Table  133  it  is  possible  to 

obtain  the  representation  of  the  production  cress  sections  of 
different  fragments  in  photoemulsion.  For  a larger  clarity  the  most 
characteristic  experimental  data  are  represented  also  in  FiqS- 
406-408.  Curves  in  these  figures  can  be  utilized  for  determining  the 
value  of  sections  0^  at  the  intermediate  values  of  energy  T. 
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Table  132.  Sections  of  f ragaentation  under  the  action  of  protons  with 


an  energy  of  T. 


[0  5^;^pO-MHUICHb 


27A1  "Li 


2^\1  ^ ’Be 


2’Al  >'iC 


2’,\l  ^’‘’F 


L 


r j« 

(5) 

0^,  mOjph 

1 

parypa 

1 

0,133 

1361 

2,8 

0,238 

136] 

0,0505 

0,31  1 0,03 

144) 

0,0521 

0,31  ! 0,1 

144) 

0,0536 

0,35  i 0,1 

144] 

0,0544 

0,32±0,1 

(44 1 

0,0551 

0,3.5.i;0,2 

144) 

0,07 

0,76  l0,3 

181) 

0,085 

1 ,06+0,01 

181) 

0,155 

1 ,0  ' 0,2 

183] 

0,16 

1,4-;;0,3 

158) 

0,2 

1 ,7  h0,3 

158) 

0,25 

2, 2+0, 4 

158] 

0,3 

2,6  i 0,5 

158] 

0,335 

1 ,4 

193] 

0,36 

2, 9+0, 5 

158] 

0,4 

3,1  ' 0,6 

158] 

0,66 

4,2±0,3 

196] 

1 

7,6  +1,9 

14,42) 

1 ,4 

8,34-2,1 

14,42] 

2,2 

10,8  '-2,7 

14,42) 

2,9 

7,5  i 0,4 

129] 

3 

11,7+2,9 

14) 

5,7 

8,3  ' 0,9 

118) 

28 

7,89+0,29 

0,335 

1,9 

193] 

0,41 

2,9  +1  ,0 

142) 

0,42 

2,25  20,15 

129] 

0,42 

2,8 

192) 

0,6 

3,4  +1,1 

142) 

1 

5,05+1,6 

142) 

1 

4,2-4  0,3 

129) 

1,4 

4,9  +1 ,8 

142) 

2 

5, 2+0,3 

129) 

2,2 

5j.l,7 

142) 

2,9 

5, 1+0,3 

129) 

3 

4,9  4 1 ,6 

142) 

6 

4,9  +0,3 

129) 

10 

4,8  +0,3 

129) 

17 

4,6  +0,3 

129) 

28 

4, 73.20, 10 

127) 

0,2i2 

5,7  ' 0,6 

1101) 

0,294 

6,5.20,7 

1101) 

0,335 

0,0 

193) 

0,342 

6,7  ' 0,7 

1101) 

0,41 

7,1  ' 0,7 

142) 

0,42 

8,4  4 1 ,3 

192) 

0,42 

7,6  ' 0,4 

129] 

0,6 

7,05-0,71 

142) 

1 

7,1  0,7 

142) 

1 

7, 9 +0,5 

129) 

1 ,4 

5,9  ' 0.6 

142) 

2 

7,3  20,4 

129) 

2,2 

5,8  +0,6 

142) 

2,9 

6,8±0,4 

129) 

3 

5,3  0,5 

142) 

5,7 

7,68  0,57 

118) 

''/^APO-MHUJCHb 
H (|;parMeHr 


27  A I '8F 


<3 

a.,  Hba, 


6 

10 

17 

28 


6,52+0,33 
6,35  I 0,32 
6,251  0,31 
6,03  i 0,11 


^HTC- 


j’aiypa 


129) 

129) 

129) 

127) 


-’Al  +4’l\'.1 

0,0.305 

37  +I 

111) 

0,0513 

36  +1 

|44J 

0,0.521 

35  M 

111] 

0,0.528 

34  +1 

144) 

0,05.36 

32+1 

144] 

0,0544 

32±1 

[441 

0,0561 

31  1 1 

144) 

0,.335 

12 

193) 

0,4 

15,5  +1 ,6 

178) 

0,42 

17  ; 4,6 

192) 

0,6 

19,6+2,0 

142) 

1 

16  tl,6 

142) 

1 ,4 

17,7±1,8 

142) 

1,6 

12±1,2 

142) 

1,8 

15,6  +1,6 

142) 

2 

12,3+0,7 

129) 

2,2 

12+1,2 

142) 

2,9 

11,1  ! 0.6 

129) 

3 

13,5  + 1,4 

142] 

5,7 

17+3 

[181 

28 

9,85ri.0,31 

127] 

”A1  +='Na 

0,202 

9,6  t 0,5 

1101) 

0,2.59 

9,8  +0,5 

1101] 

0,294 

10  ';0,5 

1101) 

0,335 

11 

193] 

0,312 

10,1  1 0,5 

1101] 

0,4 

10,5  to, 7 

178) 

0,42 

10,8 

192) 

J 

10,1 

|42) 

1,6 

8,7 

142) 

2,2 

8,8 

142) 

3 

8,1 

142) 

28 

8,34  + 0,23 

127] 

-sSi  -+  9Li 

1 

0,077 

[36)  i 

--“Si  + ’Be 

0,13 

1 ,07+0,27 

1111] 

0,208 

0,76+0,19 

11111 

0,297 

1 ,69  +0,.34 

mil 

0,396 

2,02  • 0,40 

1111] 

0,5 

2,4  ■ 0,5 

1112) 

0,8 

2,6  ' 0,5 

1112) 

1 ,5 

2,8  +0,6 

1112) 

2,2 

3,6  ■ 0,6 

1112) 

2,9 

4,1.10,8 

1112) 

-“Si  -+  "Xa 

0,13 

10,41  +1,06 

1111] 

0,208 

10,28  ' I ,03 

11111 

0,297 

13,09  ,3 

1111) 

0,396 

12,46-+!  ,3 

1111) 

0,4 

17,4±1  ,1 

178) 

0,5 

8,6  +1  ,7 

|112| 

0,8 

8,2:i:l,6 

1112) 
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Ci*^5J^PO-MUiUeHb 

H (t){)dl  MVHT 

r' 

A rj« 

0^,  MOapH 

.^HTC- 

paiypa 

JJAi'W-MHlia'Mh 

M (jjparMcHT 

^ J 3t 

^4j'  *^OupH 

S’ 1 

■^HTe-  1 

paiypa  J 

:-Si  ^ --N'a 

1 ,5 

y,2 

2^9 

7,8  1 1 ,6 

8.1  1 1 ,7 

9.1  + 1 ,8 

11121 

11121 

1112) 

55,9|'e  ^'.iJ.Va 

1 ,5 
2,2 

2,9 

29 

3,2+-0,6 

3.8  ■ 0,8 

3.9  ' 0,8 
3,8  ' 0,1 

1112)  j 
1112)  1 
(112)  \ 
1109]  1 

=ssi  iiN'a 

0,13 

0,208 

0,297 

0,3% 

0,4 

0,5 

0,8 

1,5 

2,2 

2,9 

3,378±0,t.60 
3,602  1 0,366 
4,7101  0,474 
4,78+0,  178 
4,18+0,20 
4,0  (;0,9 
4,7+i0,9 
5,0.hl,0 
4,01-0,8 

5, 2 + 1,0 

|lll| 

11111 

1111] 

11111 

178) 

1112] 

I112J 

1112) 

1112) 

1112) 

0,13 

0,208 

0,2<J7 

0,34 

0,396 

0,5 

0,8 

1,5 

2,2 

2,9 

0,020  ! 0,008 
0,086  ; 0,013 
0,320  • 0,0.50 
0,054 

0,61  ' 0,092 

1 ,28  i 0,26 

3,6  ' 0,7 
5,4  + 1 ,1 
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Analogous  energy  dependency,  Independent  of  the  type  ot 
nucleus-target,  It  Is  observed  for  separate  fragments,  although  the 
degree  of  an  Increase  in  the  sectior  r cr)  in  region  T I GeV  and  the 
difference  between  values  n,;,  at  the  "px<^teau"  and  in  the  region  of 
several  hundred  megaelectron  volts  can  differ  noticeably  from  case 
to  case. 

Connection  with  cascade-evaporative  Interaction  mechanism. 

We  cannot  fail  to  note  that  the  power  relation  a*  (f) is  very  similar 
to  function  n/,(r)  (comp.  Fig.  408  and  126).  Already  this  purely 
internal  resemblance  it  suggests  about  communication/connection 
of  the  process  of  fragmentation  with  the  value  of  total  energy, 
which  is  transferred  to  nucleus  during  inelastic  collision  with 
high-energy  particle. 
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Pi9»  408.  Sections  of  forsation  *1.1  and  of  all  fcagaents  with  charges 
i;,i,>4in  the  photoeaulsion^  irradiated  by  the  protons  of  the  different 
energy  T. 

Key:  (1).  nb.  (2).  GeV. 

Page  539. 

Figures 409  and  410  shows  that  the  probability  of  the  enission  of 
fragnents  rapidly  grow/rises  with  an  increase  in  the  size/diaensions 
of  star.  If  we  in  this  case  rate/estimate  the  value  of  excitation 
energy  E ♦,  then  it  appears  that  in  cases  when  E ♦ approaches 
complete  nuclear  binding  energy,  the  probability  of  the  emission  of 
fragment  becomes  close  to  unity.  An  increase  in  the  section  of 
fragmentation  during  passage  to  the  high  energies  T is  accoapanied  by 
an  increase  in  the  relative  percentage  of  multiple-pronged  stars. 

Experiment  shows  that  the  section  of  fragmentation  is  connected 
not  only  with  the  excitation  energy  of  residual-nucleus,  but  also 
with  the  number  of  cascade  g-particles.  This  can  be  seen,  in 
particular,  from  Pig.  411,  where  as  an  example  is  shown  the 
dependence  of  the  probability  of  the  formation  cf  fragments  (n) 
in  reaction  p ♦ HBa  on  number  s-,  g-  and  b-particles 

with  T = 9 GeV  [104].  Probability  W^(n)  In  the  same  manner 
depends  on  the  number  of  g-  and  b-particles,  at  the  same 
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tile  noticeably  not  of  any  correlations  with  the  nuBber  of  shower 
particles;  in  other  words,  the  probability  of  the  formation  of 
fragment  in  practice  it  does  not  depend  on  the  nunber  of  accompanying 
mesons.  This  important  result  was  noted  by  many  authors  [88,  99,  102, 
117], 


If  we  separate  fragments  to  rapid  and  slow  i,  then  the 
probability  of  the  formation  of  slow  fragments  remains  as  before  that 
which  was  correlated  with  the  number  of  gray  and  black  ray/beams;  as 
concerns  rapid  fragments,  then  their  output/yield  turns  out  to  be 
that  which  not  depend  on  the  number  of  b- particles  [99]. 


FOOTNOTE  1.  This  separation,  is  terminated,  very  conditionally.  As 
boundary  can  be  selected,  for  example,  the  energy  of  fragments  s - lo 
HeV/nucleon;  with  5'>io  HeV/nucleon  the  contribution  of  the  process 
of  evaporation  can  be  disregarded.  ENOFOOTNOTE. 


Ontil  now,  we  discussed  only  data  on  proton-nucleus 
interactions;  however,  analogous  results  were  obtained  also  in 
experiments  on  rapid  r-  and  by  K-aesons,  also,  on  antinucleons 
(although  the  number  of  relating  here  works  small  and  in  majority  of 
them  is  examined  the  emission  only  of  one  fragment  "Li).  All  known  at 
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present  experinental  data  attest  to  the  fact  that  the  process  of 
fragaentation  closely  related  with  the  degree  of  branching  of  the 
intranaclear  cascade,  initiated  by  rapid  initial  particle.  The  nore 
powerful  branches  the  cascade/stage  in  nucleus,  the  nore  is  formed 
recoil  nucleons  (g-particles) , larger  becoaes  the  excitation  energy 
of  residual-nucleus  /j  the  more  probable  occurs  the  escape  of 
fragments  with  charge  > 3.  The  saturation  of  the  number  of 
intranuclear  collisions  and  excitation  energy,  apparently,  the 
occurring  with  T = 3-5  GeV,  leads  to  "saturation"  and  the  section  of 
fragaentation  (see  §57). 
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Dependence  on  the  type  of  target  nucleus.  Let  us  examine  now  the 
dependence  of  the  sections  of  the  formation  of  fragments  on  the  mass 
of  target  A.  As  can  be  seen  from  Figs.  <112-414,  dependence  (/I)  is 
is  sufficiently  complex:  section  a,},  depends  both  on  the  type  of 
fragment  and  on  energy  of  initial  particle.  For  aore  light/lung 
fragments  of  the  type  ^Be  and,  apparently,  "Li  and  >»c  in  the  region 
of  energies  of  the  order  several  hundreds  of  million  electron  volt  is 
observed  a sharp  decrease  in  value  (,d)  daring  passage  to  heavy 
targets.  With  higher  energies  of  initial  particle  the  degree  of  a 
decrease  in  the  function  (>4)  decreases,  while  with  energies  T > 
3-5  GeV  section  (>4)  becomes  increasing. 
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Fig*  409.  DapMtenc*  of  the  relative  probability  of  the  being 
accoapanied  by  eaission  fragaents  of  the  nuclear  disintegration  of 
photoeaulsion  on  the  nuaber  of  black  ray/beaas  in  star. 
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fig.  410.  Dependence  of  the  probability  of  the  interactions  of  the 
protons  with  the  nuclei  of  photoemulsion,  vhich  lead  to  nucleation 
*Li,  on  the  number  gray  and  black  beams  in  star. 


Key:  (1).  GeV. 
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Fig.  V //  . Th«  correlation  of  the  relative  yield  of  fragments  with 
charge  ^4.  >4  and  the  auaber  of  ray/beaas  in  the  photoeaulsion 
stars^  formed  by  protons  9 GeV  in  energy  [104];  x.  e.  a - respectively 
for  fine/thin,  gray  and  black  ray/beams;  n is  a number  of  ray/beans 

of  ±l\  e d ^ i i- r 3 (j  ^'i  1^  ^ * 


Fig.  414.  Dependence  of  the  output/yield  of  fragment  on  the  mass 

number  of  target  nucleus.  Designations  are  the  same  as  in  Fig-  412. 


The  distinctive  special  feature/peculiarity  of  the  output/yield 


of  heavy  fragments  of  the  type  z^Na  (and  also,  probably  ze^g  and  ’*?) 


leads  to  the  formation  of  broad  minimum  in  regicn  A 70-1  50.  With  an 


increase  of  energy  T this  minimum  gradually  is  filled  because  of  an 
increase  in  the  output/yield  of  fragments  from  the  neutral  and  heavy 


nuclei.  Nevertheless  the  minimum  of  section 


numbers  A - 70  is  noticeable  even  with  T = 30  GeV 


increase  in  the  section 
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One  should  emphasize  that  in  spite  of  the  large  volume  of  known 
now  experimental  information  is  required  the  essential  improvement  of 
the  accuracy  of  measurement  of  the  output/yield  of  fragments, 
especially  in  region  T < 1 GeV.  The  scatter  of  experimental  points 
now  is  still  very  great,  and  sometimes  the  results,  obtained  by  the 
different  authors,  even  they  contradict  each  other.  For  example,  work 
[96]  for  a output/yield  ^Be  with  T = 660  HeV  gives  value  <r(^Be)  = 19 
mb,  that  by  two  orders  it  is  higher  than  the  value,  expected  on  the 
basis  of  the  data  authors  (see  curve  in  Fig.  a07) , and  it  is 
approximately  equal  to  value  a (^Be)  with  T = 30  GeV. 


It  is  possible  also  to  hope  that  the  precision  measurements  will 
make  it  possible  to  reveal/detect/expose  the  new,  also  unknown 
features  of  the  process  of  fragmentation.  As  an  example  here  it  is 
possible  to  indicate  the  results  [78].  Made  in  this  work  the 
precision  and  systematic  study  of  the  generation  ot  isotopes  and 

2*Na  with  energy  T = 0.4  GeV  led  to  the  detection  of  the  fine 
structure  of  the  output/yield  of  fragments:  the  dependences  of 
sections  « and  a (2*Na)  on  mass  number  A are  observed  the 

maximums  in  regions  A - 65  and  A ~ 100  (see  Fig.  414).  The  origin  of 
these  maximums  thus  far  obtained  still  no  explanation. 
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Besides  the  data  on  dependence  on  nass  nuober  A of  the  sections 
of  the  fornation  of  concrete/specific/actual  nucleus-fragaent  now  are 
also  expeciaental  data  on  the  total  output/yiald  of  all  fragments 
with  charges  2*^4  (actually  for  Z*— 4-9).  The  value  of  this 
output/yield  saoothly  gcow/rises  with  passage  tc  heavier  target 
nuclei.  For  example,  with  T = 660  MeV  for  interaction  with  targets 
LEb,  HEb,  Bi  and  0 are  obtained  values  4),  respectively  equal 

to  2.7  ♦ 1,1;  10.7  t 2.1;  -22  and  ~25  mb  [ 30,  84,  103  ].  These 

results,  it  would  seem,  contradict  the  noted  above  depende nee 
Hatter  consists,  apparently,  in  the  fact  that  with  a change  in  the 
target  changes  and  isotopic  composition  of  being  born  fragments; 
therefore  for  the  solution  to  the  question  concerning  the  dependence 
of  the  total  cross  section  of  fragmentation  on  the  mass  number  of 
target  nucleus  are  necessary  the  detailed  studies  of  the  sections  of 
the  formation  of  all  possible  isotopes  of  fragment  with  the  assigned 
value  Z^. 


i 

i 


§95.  Composition  and  many  being  born  fragments. 


Distributions  of  fragments  according  to  charge  and  mass. 
Immediately  it  must  be  noted  that  these  distributions  are  studied 
still  insufficiently  good.  The  reason  for  this  consists  first  of  all 
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in  the  experimental  difficulties,  connected  with  the  study  of  any 
physical  process,  which  has  small  probability,  and  also  in  the  tact 
that  among  light  nuclei  is  small  isotopes  with  by  the  convenient  for 
the  measurement  half-life  periods.  Furthermore,  are  difficulties  of 
the  fundamental  character:  the  products,  recorded  in  experiment,  they 
can  differ  from  those,  that  are  formed  at  the  torgue/momen t of 
splitting/ fission. 

In  comparison  with  others  most  completely  studied  the  charge 
distributions  of  the  fragments,  formed  during  the  splitting/fissions 
of  the  heavy  nuclei  of  photoemulsion.  The  relating  here  data  are 
assembled  in  Fig.  415.  As  is  evident,  entire/all  totality  of  data  can 
be  approximated  by  the  dependence,  close  to  exponential: 


, ~exp(-Z5), 

i i 

f >• 

where  n s 0.6- 1.0. 


^ Page  543. 


I i 
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Some  authors  (for  example,  see  [45,  105,  107])  they  emphasized 
that  the  distribution  W (Z^)  in  practice  does  not  depend  not  only  on 
energy  of  incident  particle  T,  but  to  a considerable  degree  and  on 
its  nature.  However,  experiment,  apparently,  does  not  contradict 
confirmation  about  the  fact  that  with  an  increase  of  T somewhat 
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increases  the  portion  of  fragaents  with  low  charges. 

If  we  now  turn  to  the  output/yield  of  separate  isotopes,  then  is 
reveal/detected  that  their  distribution  differs  significantly  from 
charge  distribution  For  exaaple,  as  is  evident  from  Table 

132,  ratio  # (**Na)  /•  (••?)  > 1 for  all  values  of  T and  for  all 
investigated  target  nuclei.  As  already  mentioned  during  the  analysis 
of  dependence  (^),  this  apparent  contradiction  is  connected  with 
the  fact  that  the  frageents  were  distributed  both  on  mass  and  on 
charge  to  numbers. 
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Pig.  415.  Charge  distribution  of  the  fragaents,  forned  during 
interactions  p * HEa.  Experimental  points  are  taken  fron  works  [54, 
84,  86,  88,  98,  102,  119].  Unbroken  curves  are  an  approxiaation  of 

these  points.  Dotted  curve  is  a result  of  the  calculation  according 

i 

! 

to  the  cascade  model  of  the  fragaentation  of  P.  p.  Denisova  for  T = 
! 660  neV  [33]. 


Key:  <1).  GeV.  (2).  Cosmic  radiation.  j 
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Actually,  fron  the  given  above  results  it  is  evident  that  the 
total  cross  section  for  multiply-charged  particles  with  this  value  Z4, 
always  is  considerably  more  the  sections  of  the  separate  radioactive 
isotopes,  which  have  the  sane  charge  Z^.  Thus,  the  large  part  of  the 
isotopes  in  experiment  is  not  recorded.  Furthermore,  a large 
difference  in  the  sections  (10-50  times)  testifies  to  the  preferred 
output/yield  of  sone  separate  isotopes,  since  sc  large  a difference 
in  output/yield  it  is  not  possible  to  explain  by  simple  assumption 
about  the  approximately  identical  output/yield  cf  isotopes  as  a 
result  of  their  small  number. 

Analysis  shows  that  in  experiments  on  the  radiochemical  methods 


i 
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c£  aeasureaents  are  not  recorded  in  essence  the  stable  light/lung 
isotopes,  which  have  Z*M*~0,5  [ 105,  107],  The  portion  of  the 

lost  short-lived  isotopes  is  snail,  whereupon  these  isotopes  are 
distributed  approxinately  equally  both  to  the  side  neutron-deficient 
and  to  the  side  of  neutron  excess  nuclei. 

The  stability  of  the  majority  of  the  emitted  fragments  is  the 
important  property  of  the  process  of  fragmentation;  by  some  authors 
it  is  examined  even  as  determining  [85]. 

Now  we  can  explain  the  relationship/ratio  of  fission  yields  > "F 
and  2*Na:  these  fragments  compose  different  portions  of  all  fragments 
with  charges  = 9 and  Z^=l],  whereupon  relative  yield  among 

fragments  with  Z^,  = 9 considerably  less  than  the  relative  yield 
among  fragments  with  Z^  ~ II. 

Being  based  on  the  preferred  formation  of  stable  fragments,  it 
is  possible  to  explain  such  experimental  facts  as  the  approximate 
equality  of  fission  yields  **Ma  and  >*Na,  and  also  the  considerably 

larger  output/yield  of  fragment  ’“P  in  comparison  with  . 

Actually,  Isotopes  -*Na  and  ^'‘Na  are  arranged  along  different  sides 
from  the  line  of  stability,  passing  through  the  nucleus  , 

while  Isotopes  ’'^P  and  ’’^P  are  located  on  one  and  the  same  side 
with  respect  to  stable  nucleus  ’’P  . 
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Froa  the  given  exaaples  it  is  distinctly  evident,  that  even  so 
the  cooplete  output/yield  of  fragaents  shacply  it  decreases  vith  an 
increase  in  their  charge,  section  of  the  fcraation  of  separate 
isotopes  substantially  is  deterained  by  the  nature  of  the  fragment 
itself. 

Multiple  generation  of  fragaents.  The  iaportant  characteristic 
of  the  process  of  fragmentation  are  aany  being  born  fragaents.  As  can 
be  seen  froa  Fig.  416,  the  probability  of  splitting/fissions  with  two 
and  large  numbers  of  fragaents  rapidly  grow/cises  with  an  increase  in 
the  energy.  If  among  all  stars,  formed  in  photoeaulsion  by  protons 
with  energy  T = 66  0 MeV  and  containing  fragaents  with  charge 
only  about  5o/o  coapose  stars  with  two  and  more  multiply-charged 
fragments,  then  with  T = 9 GeV  the  portion  of  such  events  it 
gtow/rises  already  to  16o/o  [86,  104]. 

The  study  of  the  characteristics  of  nuclear  splitting/fissions 
shows  that  the  events  with  several  fragaents  are  connected  with  even 
higher  expenditures  of  energy  on  the  excitation  of  target  nucleus  how 
this  it  occurs  for  events  with  the  generation  cf  one  fragment  (Fig. 
417  and  Table  134)  . 

It  is  interesting  to  note  that  during  passage  to 


splitting/fissions  with  the  large  nuaber  of  fragments  the  aost 
powerful  relative  change  undergoes  aany  g- particles. 
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Fig.  416.  S«ctioas  of  the  naclear  disintegration  of  photoe vulsion  by 
protons  with  foraation  of  two  oV4,=2)  and  nore  (A'4)=3)  fragments 
1104]. 

Key;  (1)  mb. ; (2)  GeV. 
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As  concerns  the  experiiental  inforaatioc  about  the  nature  of 
fragnents  in  cases  when  occurs  their  multiple  production,  then  this 
information  is  very  limited.  In  the  work  of  0.  V.  Lozhkina  [85],  made 
on  nuclei  Ag  and  Br  with  660-MeV  by  protons,  it  is  shown,  that  in 
this  case  can  be  observed  any  combinatiois  of  the  charges  of  two 
forming  fragments;  a majority  of  fragments  have  charges  ^ 8 also, 
as  compared  with  the  cases,  when  occurs  the  emission  only  of  one 
fragment,  there  is  certain  predominance  of  fragments  with  low 
charges,  in  particular,  ^Li.  At  the  same  time  with  T = 9 Ge7  was 
noted  virtually  the  independence  of  charge  distribution  'X' (Z^)  from 
the  number  of  born  fragments;  true,  the  last/latter  conclusion  was 
based  on  the  observation  only  of  fragments  with  Z<),  = 4 — 8 [53]-  If 

we  examine  the  only  this  range  of  values  (see  Pig.  415),  then  it 

is  possible,  of  course,  with  the  large  basis/base  to  count  IF  (Z*) 
the  not  energy-dependent  initial  particles. 


It  would  be  extremely  interesting  the  more  thorough  to 
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investigate  the  coccelations  between  the  angles  of  emission  of 
fragments  during  their  multiple  generation.  Many  authors  consider 
that  the  character  of  these  correlations  testifies  to  the 
independence  of  emitted  fragments  [87,  107],  although  there  are  works 
whose  authors  send  to  opposite  conclusicn  [ 10  ]. 

Excitation  energy  of  fragments.  The  analysis  of  the  composition 
of  fragments  they  will  make  it  possible  to  obtain  also  the 
information  also  about  their  excitation.  Actually,  it  is  represented 
by  very  unlikely  in  order  that  fragments  would  be  formed  with  the 
neutron-proton  ratio  (A  - Z)  /Z,  greater  than  this  it  would  occur  for 
a target  nucleus.  For  nuclei  Ag  and  Br  relation  (A  - Z)  /Z  =1.3, 
which  noticeably  exceeds  the  value  of  this  relation  for  the  stable 
light  nuclei,  where  it  is  1-1.2.  If  fragments  were  born  with  themes 
by  relation  (A  - Z)  /Z  as  of  the  initial  nucleus,  then  this  would 
lead  to  neutron  excess  nuclei. 

Table  134.  Characteristics  of  interactions  25-GeV  of  the  protons  with 
the  nuclei  of  photoemulsion,  which  are  accompanied  by  the  formation 
of  the  different  number  of  fragments  with  charges  Z4,>3  [118]. 

Mtlc-io  1 _ 1 I 1 

cfipai  MfHTO,  I „ I I „ In. 


8,6i0,l 

9,4±0,1 

9,4±0,3 

10,3±0,6 


", 

"h 

"t 

2,6±0,2 

13,6±0,3 

5,0±0,1 

2,9  '.0,1 

17,2+0,2 

7,8+0, 1 

, 3,5±0,2 

IS, 4 ;;0,5 

9,0d:0»3 

3, 3.1.0, 3 

I9,0.t0,8 

8,7±0,6 

Key:  (1).  Imaber  of  fragments 
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H9.  917.  Dependence  of  the  probability  of  the  formation  of 
photoeoulsion  stars  with  the  different  nanbcc  c£  fragments  on  the 

number  of  black  traces  in  star  n,,;  x - the  results  of  the 
measurements  of  V.  1.  OstroumoTa  for  splitting/f issions  without 
fragments  [ 1000  ];  *.  a - respectively  for  stars  with  =“  1 and  = 2 

[85];  energy  of  the  primary  protons  T = 660  HeV, 


Page  546. 

If  these  nuclei  would  be  formed  in  this  case  even  with  the  excitation 
energy,  sufficient  in  order  that  could  occur  the  evaporation  of 
"excess"  neutrons,  then  the  appropriate  events  in  photoemulsion  it 
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vould  be  cannot  be  distinguished  of  events  with  the  generation  of 
stable  isotope,  since  for  time,  during  which  is  realized  the 
evaporative  stage  of  process,  nucleus  virtually  does  not  manage  to  be 
shifted.  However,  the  fact  that  among  fragments  are  observed  such 
neutron  excess  nuclei  as,  for  example,  *Li,  whose  level  E ♦ = 2.28 
neV  is  unstable  with  respect  to  the  emission  of  neutron  and  therefore 
any  excitation,  exceeding  2.28  MeV,  must  lead  tc  the  disintegration 
of  this  nucleus,  it  attests  to  the  fact  that  fragments  are  born  in 
essence  or  in  the  weakly  excited  states. 

On  the  low  value  of  the  excitation  of  the  emitted  fragments 
testifies  also  the  presence  among  the  products  of  the 
splitting/fissions  of  isotopes  *8  and 

Thus,  we  come  to  the  conclusion  that  among  fragments  predominate 
the  stable  isotopes  with  low  excitation  energy. 

§96.  Energy  and  angular  distributions  of  fragments. 


Form  of  energy  spectra.  The  energy  distributions  of  fragments 

glance,  typically  ''evaporative'*  form.  This  is  evident, 
from  Fig.  418,  that  relates  to  the  most  studied 


have,  at  first 
in  particular. 
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Fig,  418.  The  energy  spectra  of  the  fragnents  *Li,  formed  by  the  ■ 

protons  of  the  different  energy  T on  the  nuclei  of  emulsion.  " 

Experimental  points  are  taken  from  works  [ 22,  26,  56,  99,  116  ]. 

Key:  (1).  GeV.  (2).  Cosmic  radiation.  (3).  HeV. 

Page  547. 

This  character  of  distributions  impelled  many  authors  to  utilize  for 
the  approximation  of  the  experimental  data  the  known  expression 

\ 

■ ( j'")  = --^r ' c'-'-P  ( - - 7 '■ ) ’ i 

1 

where  V - effective  coulomb  barrier  for  the  emission  of  fragment,  a r j 
- effective  nuclear  temperature  (center-of-gr a vity  system) . j 

1 

If  we  consider  the  an  even  velocity  of  following  of  the  nucleus, 
which  emits  fragments,  which,  as  a rule,  is  small  as  compared  with 
the  speed  of  the  emitted  particles  then  for  the  spectrum 

of  fragments  in  the  laboratory  coordinate  system  we  will  obtain  the 
ex  pressions 
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(.T) — ‘:‘xp(-(a  \ 6)1(1  l a 1 6)},  (9.2a) 

if  lV'-(2/HV’)''^c']<i^<lK  I (2«il/)''^], 


U^(J')=2i6{cxp|-(a-6))(l  i a-6)i'xp|-(a  1 6)J(I  ! a \ b)},  {9.2^ 


if  3^>[V\-{2rnV)^'\^\. 

a^(J-V)h-  6-  (2/n^)*^==^/T; 

Here  'X  in—  the  mass  of  the  emitted  fragment. 

By  considering  now  values  of  V,  r and  v as  the  adjustable 
parameters,  it  is  possible  with  the  aid  of  these  formulas  to  attempt 
to  describe  the  observed  spectra  of  fragments.  This  approach  was 
utilized  by  many  authors.  However,  if  we  speak  not  only  about  the 
common/general/total  form  of  distributions,  then  nearness  of  the 
experimental  spectra  to  evaporative  turns  out  to  be  very  relative;  on 
experiment  is  observed  the  considerable  number  of  fragments  with 
energy  both  lover  than  nominal  coulomb  barrier  (J'C  V),  and  with 
energy  V.  Specifically,  this  is  evident  also  from  data  in  Fig. 

418;  the  spectrum  of  fragments  stretches  up  to  energies  ^ ~ 100  HeV, 
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while  the  value  of  the  noninal  couloab  barrier  is  approximately  20-25 
MeV-  For  this  reason  the  analysis  of  energy  spectra  with  the  aid  of 
relationship/ratios  (9.2)  leads  to  such  large  values  r and  such  low 
values  of  V (sometimes  even  negative),  that  actually  completely 
become  meaningless  those  physical  prereguisite/premises,  on  the  basis 
of  which  was  obtained  initial  expression  (9.1). 

The  experimental  data,  obtained  frcm  experiments  on 
photoemulsion,  mahe  it  possible  to  trace  a change  in  the  energy 
spectrum  with  energy  of  primary  proton.  As  can  be  seen  from  Fig.  418, 
most  probable  energy  of  fragment  >Li  in  practice  does  not  depend  on 
energy  of  the  primary  proton  T,  if  T ^ 3 GeV.  At  smaller  values  of  T 
the  spectra  of  fragments  can  be  judged  from  the  differential 
distributions  of  their  range/paths  (Fig.  419). 


j 
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Fig.  419.  The  distribution  of  fragaents  according  to  the  ?alue  of 
their  range/paths  in  photoeaulsion  (exper iaental  points  are  taken 
from  works  [2,  104]. 


Key:  (1).  GeV.  (2).  mb. 
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Although  aost  probable  energy  and  in  this  case  remains  approximately 
one  and  the  same  however  the  relative  contribution  of  the  high-energy 
part  of  the  spectrum  the  lesser,  the  Icwer  energy  T. 

Spectral  change  depending  on  number  and  type  of  the  accompanying 
particles.  Since  the  nuaber  and  the  type  of  the  being  born  particles 
are  connected  with  the  value  of  the  energy,  transferred  to  target 
nucleus  in  the  process  of  interaction,  research  on  this  question  can 
give  the  important  information  about  the  mechanisms  of  fragmentation. 
Unfortunately,  existing  at  present  knowledges  are  very  contradictory. 
So,  Gaevski  with  the  colleagues,  investigating  emission  *Li  by  the 
nuclei  of  photoeaulsion  with  energies  of  protons  T = 9 and  24  GeV,  it 
observed  the  noticeable  broadening  of  the  spectra  during  passage  to 
events  with  the  large  number  of  gray  and  black  traces  [49].  Analogous 
conclusion  follows  from  the  analysis  of  the  range  distributions  of 
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fragaents  with  charges  ^*>4  during  T = 660  MeV  [85].  However,  in  a 
series  of  other  works  [21,  26,  116,  117]  was  noted  the  independence 
of  the  energy  distributions  of  fragaents  from  the  size/dinensions  of 
photoeaulsion  stars. 


The  analysis  of  entire  totality  of  these  aakes  it  possible 
apparently,  to  conclude  that  the  effect  of  energy  of  nuclear 
splitting/fission  into  the  spectra  of  fragaents  is  saall.  As 
illustration  Fig.  420  for  T = 24  GeV  shows  the  dependence  of  the 
aediua  energy  of  fragaent  S'  on  the  number  of  h- particles  in  star. 


Dependence  of  energy  spectrua  on  the  type  of  fragment  and  target 
nucleus.  Figure  420  shows  one  additional  property  of  the  process  of 
fragmentation,  very  essential  for  the  understanding  of  its  nature; 
energy  of  fragaent  depends  on  its  charge  of  mass,  increasing  with 
their  increase.  This  effect  becomes  more  noticeable,  if  we  examine 
energies  of  fragments,  averaged  on  n,,  (Table  135).  In  Fig.  42  1 shown 
changes  in  the  energy  distributions  of  fragaents  depending  on  the 
type  of  target  nucleus.  The  position  of  maximum  in  the  spectra 
coincides  with  the  value  of  the  effective  coulomb  barrier,  determined 
in  work  [74]  as  V = Vq/  (1  ♦ 0.001  E ♦) , where  Vo  is  the  nominal 
coulomb  barrier.  This  fact  indicates  the  important  role  of  coulomb 
forces  in  the  process  of  the  formation  of  the  fragments. 
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iVeakly  it  depends  on  the  type  of  target  nucleus  and  the  focn  c£  < 

the  energy  spectruo  of  fragnents,  especially  in  the  region  of  neutral 
and  heavy  nuclei.  This  fact  will  agree  with  the  conclusion  of  the 
preceding/previous  section  about  the  independence  of  these  spectra 
froB  disintegration  energy.  However,  the  width  cf  the  energy 
distributions  of  the  fragnents,  emitted,  for  example,  by  nuclei 
and  *380^  is  distinguished  sufficiently  noticeably  >,  and  if  one 
assumes  that  the  width  of  the  spectra  is  defined,  in  essence,  the 
tenperature  of  the  excited  target  nucleus,  then  this  can  be 
considered  as  indication  of  the  dependence  of  energy  of  fragments  on 
the  excitation  of  nucleus. 

FOOTNOTE  1.  As  can  be  seen  from  Fig.  421,  the  spectrum  of  the 
fragments  *Li,  which  escape  from  the  nucleus  of  copper,  more  rigid 
than  for  adjacent  target  nuclei.  In  later  works  (for  example,  see 
article  [3])  was  shown,  that  this  result  was  erroneous.  ENDFOOTNOTE. 
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Fig.  420.  D«pendeace  of  the  average  kinetic  energy  of  fragment  on  the 
number  of  gray  and  black  ray/beans  in  the  photoenulsion  stars,  formed 


by  protons  nith  energy  T » 24  Ge?  [117]. 


m 
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Fig.  421.  The  energy  spectra  of  the  fragaents  "Li,  emitted  by 
different  nuclei  under  the  action  of  protons  2.2  GeV  in  energy  [74]. 
Arrow/pointer  showed  the  value  of  effective  coulomb  barrier.  Dotted 
line  plotted/applied  the  results  of  the  calculation  according  to 
evaporative  model  with  the  parameter  of  the  density  of  levels  a = 

A/ 12.  4. 


Key:  (1).  HeV. 
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The  possibility  of  so  contradictory  an  interpretation  of  results, 
apparently,  indicates,  in  the  first  place,  which  the 
approach/approximation  of  evaporative  model  one  should  use  very 
carefully,  and,  in  the  second  place,  it  indicates  that  even  at  just 
one  value  of  energy  of  initial  particle  in  application  to  different 
nuclei  can  turn  out  to  be  more  important  one  or  another  mechanism  of 
fragmentation  (if  really/actually  there  exist  several  such 
mechanisms) . 


The  angular  distributions  of  fragments.  The  characteristic 
feature  of  the  process  of  fragmentation  is  the  anisotropy  of  the 
angular  distributions  of  the  being  born  fragments  (Fig.  422). 
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Cuant itati vely  this  anisotropy  usually  they  characterize  by  the 
relation  of  the  number  of  fragments,  emitted  respectively  into 
front/leading  and  rear  hemispheres  relative  to  the  direction  of  the 
notion  of  initial  particle  n/n. 


As  can  be  seen  from  Fig.  423,  with  an  increase  in  the  energy  of 
initial  particle  the  angular  distribution  of  fragments  becomes  ever 
more  and  more  isotropic,  up  to  energy  T = 3-5  GeV,  higher  than  which 
ratio  n/n  becomes  virtually  constant-  The  fact  that  the  critical 
value  of  energy  coincides  with  energy,  with  which  occurs  the 
disturbance/breakdown  of  usual  cascade  mechanism  (see  §57)  , it 
prompts  assumption  about  the  single  mechanism  of  the  nuclear 
splitting/fissions,  which  occur  with  the  emission  of  fragments  and 
without  them. 
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Fig.  422.  The  angalar  distribution  of  fragments  with  charges  a, 

formed  in  photoemulsion  by  protons  with  an  energy  of  T.  Experimental 
values  are  taken  from  vorks  [2,  84,  104],  Dotted  line  plotted/applied 
the  results  of  the  calculation  according  to  F.  P.  Denisova's  cascade 
model  [33]. 
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Fig.  423.  Dependence  of  ratio  n/n  on  energy  T of  the  primary  proton. 


vhich  interacts  with  the  nuclei  of  the  photoeinulsion:  * - the  data 


[ 13,  21-23,  26,  31  , 49,  52,  56,  57,  75,  97,  1 19  ] for  a fragment  SLi;*- 


for  the  emission  of  fragments  with  charges  [2,  5,  85,  88,  98, 


Key;  (1).  GeV, 
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1 

One  should  emphasize  that  the  angular  anisotropy  is  inherent  ’ 

precisely  in  the  mechanism  cf  fragmentation  and  cannot  be  caused  by  ' 

the  motion  of  recoil  nucleus.  With  T < 1 GeV  the  account  of  this 
I motion  knowingly  cannot  give  such  the  large  values  n/n.  For  high 

anisotropy  energy  of  the  escape  of  light/lung  fragments  (of  type  "Li 
"and  Be)  in  principle  can  be  explained  under  the  assumption  of  their 
isotropic  distribution  in  the  center-of-gr avity  system;  however, 
attempt  to  use  to  this  isotropic  distribution  evaporative  model  again 
leads  to  the  nonphysical  values  of  temperatures. 

Is  less  studied  the  question  concerning  the  dependence  of  the 
angular  distributions  of  fragments  on  the  energy,  transferred  to 
nucleus  in  the  course  of  collision.  By  Perkins  was  noted  a decrease  i 

in  the  anisotropy  of  angular  distribution  ®Li  during  transition  to  | 

I 

multiple-pronged  stars  [102],  at  the  same  time  by  N.  P.  Bogachev  et  \ 

al-  with  T = 9 GeV  she  was  indicated  the  independence  of  distribution  ] 

W (cos  0)  from  the  number  of  black  tracks  [21],  but  the  authors  [26]  ^ 

whose  results  were  given  in  Table  136,  observed  an  increase  in  ratio 

•A  4 ' 

n/n  during  transition  to  stars  with  the  large  number  of  h-particles.  1 

J 

It  should  be  noted,  however,  that  the  observed  in  experiment  " 


J 
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dependence  n/n  on  number  does  not  exceed  the  limits  of 

statistical  errors. 

i 

» 

From  the  results,  presented  in  Table  136  and  Fig.  424,  follows 
one  additional  essential  feature  of  the  angular  distribution  of  the 
fragments:  the  presence  of  the  correlations  amcng  energy  and  angle  of 
emission  of  fragment;  for  fragments  with  higher  energy  the  degree  of 
anisotropy  more. 


Fig.  424.  The  angular  distributions  of  fragments  ®Li  in  the  different 
jf  intervals  of  their  kinetic  energy  s.  The  experimental  data  are 

V 

obtained  with  the  aid  of  the  ph ctoemul sion , irradiated  in  cosmic  rays 

[116].  Curves  - the  results  of  the  calculation,  made  under  the 

■ assumption  of  Isotropic  emission  qj  in  a system  which  moves 

^ with  speed  p of  the  nucleus- remnaut ; the  energy' soectrum  'Li 

I in  this  system  is  described  by  formula  (9-1)  with  the 

^ parameters  t ■ n.s  MeV,  V = 6 MeV,  P = v/c  = 0.016. 

i 

* Key:  (0-  MeV.  (2).  deg. 

f 

f 

i 
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Table  136 


O ^ 

Ratio  n/n  for  the  fragments  "Li,  formed  28-GeV  by  protons  on  the 
nuclei  of  photoemulsion  [26]. 


’’h 

> 0 

< 20 

1 

1 

O 

1 

•^0  : 00 

1 

7 < < 17 

0,744-i-0,182 

0,500  + 0,194 

0,750  ;-0,286 

3,000  :•)  ,414 

"h>  1 

0,925  ( 0,138 

0,744+0,174 

l.024±0,222 

1 ,500  + 0,791 

"A  >18 

l,0n6>^0,201 

1 

0, 957 0,285 

1,192  + 0,317 

1 ,000  i 0,816 

U) 

^ '^vuieiimecwavi 

ri»«  li-piirMCHiuB. 

Key;  (1).  MeV.  (2).  kinetic  energy  of  fragments- 


Page  552. 


DOC  = 77106906 


PAGE 


Fig.  425.  The  energy  spectra  of  the  fragaents  *Li,  which  escape  at  an 
angle  0 froa  the  nuclei  irradiated  by  protons  with  energy  T = 

660  HeV  [3  ]. 

Key:  (1).  MeV. 


Fig.  426.  The  energy  spectra  of  the  fragaents  "li,  which  escape  at  an 
angle  0 froa  nucleus  *«^Au.  Continuous  and  point  histograas  - 
respectively  for  energies  of  the  priaary  proton  T = 2.2  and  0.66  GeV 
[3.74]. 


Key:  (1).  Mev. 
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This  special  feature/peculiarity  is  exhibited  in  the  spectra  of  the 
fragaents,  emitted  at  the  determined  angle;  for  example,  from  Fig. 

425  and  426  one  can  see  well  that  the  transition  to  smaller  angles  is 
accompanied  by  the  noticeable  broadening  of  energy  spectra. 


Let  us  note  that  the  form  of  the  differential  spectra  of 
fragments  comparatively  weakly  depends  on  energy  of  initial 

particles  and  on  target  nucleus. 
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The  examined  above  data  Mere  related  in  essence  to  light/lung 
fragments.  In  recent  years  were  obtained  the  data  on  energy  and 
angular  distributions  also  for  such  heavy  fragments  as  ?*Na  and  ^•Ng 
[59,  96].  All  the  basic  lavs,  noted  above,  remain  also  in  this  case. 
The  same  it  is  possible  to  say  about  the  angular  and  energy 
distributions  of  the  fragments,  which  are  formed  under  the  action  of 
the  high-energy  pi-mesons:  the  properties  of  these  distributions  are 
close  to  the  fact  that  is  observed  for  nucleon-nuclear  interactions. 


§97.  Some  other  special  feature/peculiarities  of  the  process  of 
fragmentation. 


In  the  preceding/previous  sections  we  attempted  to  give  the 
general  idea  of  the  totality  of  the  physical  phenomena,  known  now  hy 
the  name  of  the  process  of  fragmentation.  The  attempt  in  more  detail 
to  discuss  the  characteristics  of  this  process  would  lead  to  an 
essential  increase  in  the  size/dimensicns  cf  mcnograph. 

In  order  to  partially  complete  gap/spacing,  we  will  point  out 


still  several  questions,  which  have  important  value  for  che 


m 
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investigation  of  fragmentation. 

Emission  of  fragments  during  the  splitting/fission  of  light 
nuclei.  This  case  possesses  some  specific  peculiarities  associated 
vith  the  possibility  of  the  formation  cf  fragments  as 
remanent/residual  nuclei.  If  we  do  not  isolate  these  nuclei  (but  in 
practice  this  not  always  is  possible),  then  completely  different, 
different  from  that  which  was  discussing  is  above,  proves  to  be 
dependence  *;  differences  are  observed  also  in  the  energy 

and  angular  distributions  of  fragments. 


FOOTNOTE  1.  As  an  example  of  this  dependence  can  serve,  for  example, 
the  output/yield  of  fragments  *®F  and  2*Na  from  nucleus  z^Al  tc  Fig. 
413  and  414.  ENDFOOTNOTE. 

There  is  another  reason,  why  research  on  the  formation  of 
fragments  in  reactions  with  light  nuclei  is  of  special  interest.  It 
is  completely  possible  that  part  of  the  fragments,  emitted  by  heavy 
nuclei,  is  formed  by  means  of  knocking  out,  elastic  or  inelastic  (for 
example,  by  cascade  nucleons),  the  corresponding  intranuclear 
clusters.  In  this  connection  it  is  very  important  to  know,  as 
occur/flow/last  nuclear  reactions  on  light  nuclei. 
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In  recent  years  the  interest  in  the  reactions  of  knocking  out  of 
clusters  was  initiated  also  theaes  by  consideration,  that  hence  can 
be  obtained  the  important  and  sufficiently  unaatiguously  interpretive 
information  about  the  structure  of  target  nucleus.  For  this  purpose 
vere  investigated  in  detail  the  reactions  (p,  pd)  , (p,  pa)  , and  also 
(p,  p3He)  and,  etc.  In  this  case  the  greatest  success  in  the 
explanation  of  the  observed  laws  is  connected  with  shell  nuclear 
model  [6,  7].  (Partially  these  questions  were  touched  upon  in  chapter 
8)  . 


The  obtained  results  can  serve  as  hasis/base  for  conducting 
analogous  investigations  also  in  the  case  of  heavier  fragments. 

Remanent/residual  nuclei  in  splitting/fissions  with  fragments. 
The  representation  of  the  properties  of  these  nuclei  can  be  obtained, 
already  on  the  basis  of  the  known  properties  of  the  emitted 
fragments.  Specifically,  if  energy  of  the  initial  particles  is  not 
great,  then  one  should  expect  the  formation  of  neutron  exceess 
nuclei,  since  fragments  are  born,  as  a rule,  in  their  basic  stable 
states. 


Secondary  nuclear  reactions  f 17,  79,  91,  95,  122,  123  ].  We  are 
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speaking  about  the  formation  of  isotopes  with  charge  on  several  unity 
higher  than  the  charge  of  target  nucleus.  The  appearance  of  such 
isotopes  can  be  explained  only  by  secondary  interactions  of  the  being 
■4  born  fragments  with  the  initial  nuclei.  Observation  in  the  experiment 

I 

I of  such  isotopes  serves  also  as  one  of  the  proofs  of  the  emission  of 

fragments  with  the  energies,  which  considerably  exceed  coulomb 
barrier;  the  dependence  of  the  output/yield  of  these  isotopes  on 
energy  will  agree  with  the  discussed  in  §94  energy  dependency  of  the 
section  of  fragmentation  cr*  (?')• 


Page  554. 

Research  on  the  interactions  of  fragments  can  give  the  very 
important  information  about  the  badly/poorly  still  investigated 
processes  of  the  interactions  of  two  nuclei  (see  Chapter  11). 


Generation  of  hyperfragments,  flith  sufficiently  high  energies 


becomes  possible  the  formation  of  hyperfragments  - the  light  nuclei, 
into  composition  of  which  instead  of  the  nucleon  enters  A - the 
hyperon.  Since  the  lifetime  - hyperon  is  small,  hyperfragments 
easily  are  identified.  It  is  represented  by  very  interesting  to 
compare  the  properties  of  the  process  of  the  formation  of 
hyperfragments  with  the  generation  of  usual  fragments,  some  spaces  in 
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clear  parts,  then  in  general  terns  these  distr itutions  detect  great  \ 

\ 

sinilarity.  Apparently,  the  nechanisns  c£  the  formation  of  fragments  j 

and  hy perf ragnents  do  not  differ  strongly  from  each  other-  Research  , 

on  the  characteristics  of  the  forming  of  h yper fragments  helps  to  ] 

understand  the  nature  of  the  usual  process  of  fragmentation.  1 

Unfortunately,  the  nunber  of  works  on  hyperfragnentation  is  small,  j 

and  the  statistics  of  neasurements  is  still  very  small.  | 

§98-  Different  theoretical  approaches  to  the  explanation  of  the  1 

nechanism  of  fragaentation.  1 


i There  is  at  present  no  unified  theory,  explaining  entire 

i totality  of  known  experimental  data  on  fragmentation,  although  were 

1 undertaken  separate  attempts  at  the  construction  of  this  theory.  The 

■ reason  for  this  consists  first  of  all  in  the  complexity  of  the 

^ phenomenon  itself.  Furthermore,  apparently,  not  at  all  there  exists 

some  mechanism,  which  gives  rise  to  this  very  pclyhedral/m ultif aceted 
^ phenomenon;  specifically,  it  does  remain  unclear,  is  it  possible  to 

I 

I understand  all  parts  of  reactions  with  the  formation  of  fragments 

I from  the  viewpoint  of  our  usual  representations  of  the  mechanism  of 

nuclear  reactions  at  high  energies.  It  is  completely  possible  that 
some  processes  of  fragmentation  are  connected  with  the  completely  new 
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■echanisas  of  intranuclear  interactions,  which  differ  significantly 
froB  the  examined  cascade-evaporative  mechanisa. 

Let  us  discuss  the  basic  approaches  - both  traditional  and 
connected  with  hypotheses  about  new  interaction  modes,  which  were 
proposed  by  the  different  authors  for  explaining  the  experimental 
data  on  fragaentation. 

Hechanisas  of  knocking  out  of  fragaents.  A whole  series  of  the 
observed  in  experiment  laws  governing  the  phenomenon  of  fragmentation 
gives  grounds  to  assume  that  fragaents  - or,  in  any  case,  their 
significant  part  - is  foraed  in  the  process  of  developing 
intranuclear  cascade.  Here  mention  should  be  made  of,  in  particular, 
the  powerful  anisotropy  of  the  angular  distribution  of  fragments  with 
their  preferred  escape  the  forward  half  sphere,  the  dependence  of  the 
output/yield  of  fragaents  on  the  number  cascade  g-  and  b-particles  in 
star,  the  presence  of  fragments  with  energy,  much  larger  value  ot  the 
Coulomb  barrier  and,  etc.  All  these  parts  can  be  explained,  if  we 
assuae  that  within  nucleus  there  are  acre  or  less  stable  groups  of 
nucleons  (clusters),  capable  of  escaping  from  nucleus  as  a result  of 
collision  with  cascade  particles. 

He  will  not  be  stopped  now  on  the  reasons  for  the  formation  of 
clusters,  they  can  be  very  diverse  *,  and  only  let  us  consider  that 
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since  the  mean  free  path  in  the  nuclear  substance  of  such  complex 
formations  as  clusters,  is  small  in  comparison  vith  nuclear  sizes,  it 
is  logical  to  expect  that  for  the  process  cf  fragmentation  are  most 
essential  the  collisions  with  clusters  in  the  bounding  area  of  target 
nucleus. 


FOOTNOTE  *-  At  present  large  interest  is  of  the  reverse/inverse 
formulation  of  the  problem;  to  obtain  the  information  about  number 
and  properties  of  different  clusters  in  nuclei  by  means  of  comparison 
with  the  experiment  of  the  calculations  of  the  formation  of  the 
fragments,  made  for  different  assumptions  about  number  and 
distributi ons  of  clusters  within  nucleus.  ENDFCOTNOTE. 


In  the  initial  versions  of  model  were  examined  only  the  elastic 
collisions  of  cascade  nucleons  with  clusters.  It  is  understandable 
that  in  this  case  are  effective  only  the  high-energy  nucleons, 
scattered  to  wide  angles.  Since  elastic  high  energy  scattering  has, 
in  essence,  the  diffraction  character,  the  probability  of  such 
collisions  is  small. 
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In  order  to  increase  the  probability  of  nucleon-cluster  collisions, 
0.  V.  Lozhkin  and  Yu.  P.  Yakovlev  assuaed  that  as  a result  of  the 
interaction  of  nucleon  with  cluster  is  formed  the  single  excited 
system  with  the  intense  energy  exchange  between  its  components  [87], 
The  deconposition/decay  of  this  system  is  regulated  purely  by 
statistical  laws  in  the  same  way  as  this  is  assumed  in  Fermi's 
statistical  theory  (see  §77);  in  this  case  the  emitted  fragment  is 
the  peculiar  remanent/residual  nucleus,  which  was  being  formed  as  a 
result  of  the  interaction  of  rapid  nucleon  with  cluster.  In  favor  cif 
the  model  of  0.  V.  Lozhkin  and  S-  P.  Yakovlev  speaks  also  the 
surprising  resemblance  of  the  energy  spectra  “Li,  which  escape  from 
nuclei  2'Al  and  ‘^c,  although  in  the  latter  case  fragment  “Li 
really/actually  can  be  considered  as  remanent/residual  nucleus  [19, 
20  ]- 


In  the  area  of  energies  of  the  order  several  hundreds  of  million 
electron  volt  this  model  allowed  its  authors  tc  qualitatively  explain 
not  only  the  anisotropy  of  the  angular  distribution  of  the  escaping 
fragments  and  its  dependence  on  energy,  which  was  obtained  already, 
also,  in  the  model,  considering  little  more  than  elastic  collisions, 
tut  also  to  obtain  the  correct  form  of  the  energy  spectrum  of 
fragments  and  to  explain  communication/connection  between  this 
spectrum  and  the  angular  distribution. 
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* Further  development  the  cascade  model  of  knocking  out  of 

fragments  received  in  the  wcrk  of  0.  V.  Lozhkin  et  al.  [89],  where 
were  examined  already  the  elastic  and  inelastic  interactions  of 
cascade  nucleons  with  clusters  in  the  surface  layer  of  nucleus.  On 
the  strength  of  Pauli's  principle  those  which  predominate  in  this 
case  must  be  low-nucleon  reactions  of  the  type  (N,  2N)  . 

Unfortunately,  in  spite  of  some  successes,  all  works,  which  were 
made,  until  now,  on  the  basis  of  cascade  approach,  have,  in  essence, 
only  gualitative,  descriptive  character.  Fcr  mere  precise 
quantitative  conclusions  it  is  necessary  tc  fulfill  the  calculations 
of  intranuclear  cascades,  in  the  same  way  as  this  was  described  in 
chapter  4 and  6.  However,  such  calculations  are  connected  with  a 
whole  series  of  the  assumptions:  are  unknown  the  probabilities  of  the 
formation  of  different  multinucleon  groupings  in  nuclei  and  their 
distributions  according  to  coordinates  and  momenturo/impulse/pulses , 
little  the  information  about  the  characteristics  of  the  interaction 
of  rapid  nucleons  with  light  nuclei,  etc-  Sufficiently  precise 
calculations  were  made  only  for  the  case  of  knocking  out  of 
a-particles  (see  §91). 

Most  developed*  with  respect  to  calculations  is  F.  P.  Denisov's 


model  [33,  34],  This  model  is  based  on  the  assumption  that  the 
clusters  are  connected  with  the  remaining  part  of  the  nucleus  only  by 
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the  means  of  the  small  number  of  nucleons.  In  the  process  of 
developing  intranuclear  cascade  the  nucleons,  which  perform  the  role 
of  communication/connections,  can  be  chase/dislcdqed,  and  since  all 
this  occurs  in  the  field  of  the  coulomb  forces,  which  attempt  to 
detach  cluster  away  from  remanent/residual  nucleus,  ♦■his  cluster  it 
can  be  emitted  as  fragment  or  to  remain  within  nucleus,  which  was 
considered  as  capture  by  the  nucleus  by  that  moving  of 
particle-cluster.  The  probability  of  knocking  cut  of 
nucleon-communication/connections  was  determined  by  F.  P.  Denisov 
with  the  aid  of  several  simplified  model  of  intranuclear  cascades, 
the  probability  o the  absorption  of  the  driving  cluster  by  nucleus 
was  estimated  according  to  liquid  drop  model.  However,  even  in  this 
setting  problem  remains  still  very  complex;  therefore  during 
calculations  nucleus  was  divide/marked  off  on  several  areas  whose 
part  was  considered  clusters,  and  others  were  associated  with 
nucleon-  communication/connections.  Further  by  the  calculation  of 
intranuclear  cascade  was  estimated  the  probability  of  knocking  out  of 
nucleon-  communication/connections;  in  this  case  kinetic  energy  of 
cluster  was  set/assumed  equal  *to  the  sum  energy  of  coulomb  repulsion, 
which  plays  dominant  role,  and  kinetic  energy,  which  it  had  a cluster 
at  the  torque/moment  of  isolation/evolution.  The  last/latter  value  is 
equal  to  the  kinetic  energy,  acquired  by  cluster  because  of  the 
collisions  of  its  composite  nucleons  with  the  nucleons  of  cascade 
avalanche.  The  account  of  absorption  was  reduced  to  the  introduction 
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of  certain  ainimun  value  at  which  still  possibly  the  emission  of 

fragment 

FOOTNOTE  1,  In  actuality,  concrete/specific/actual  calculations  in 
wor)cs  [33,  34  ] were  even  more  simplified  and  they  contained  the 
cell/elements  of  arbitrariness.  Furthermore,  the  calculations  of 
usual  nucleon-nuclear  cascade/stages,  made  by  F-  P.  Denisov,  as  we 
saw  in  chapter  5,  strongly  they  overstate  the  number  of  intranuclear 
collisions.  ENDFOOTNOTE- 


Fage  556. 

Utilizing  as  the  parameters  a number  ci  driven  out  nucleon- 
communication/connections  and  a number  of  emitted  fragments,  F.  P. 
Denises  it  could  obtain  correct  dependences  for  many  characteristics 
cf.  the  process  of  fragmentation  (for  example,  see  Fig.  415  and  422, 
where  is  shown  the  comparison  of  the  experimental  data  with  the 
results  of  the  calculation  of  F.  P-  Denisova)  ; specifically,  it  was 
possible  to  match  with  experiment  even  the  dependence  of  the 
probability  of  the  formation  of  fragments  on  the  number  of  ray/beams 
in  star.  However,  all  the  calculations  are  made  only  at  one  value  of 
energy  T = 660  HeV  and  only  for  the  interactions  of  protons  with  the 
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heavy  component  of  phctoemulsion ; therefore  it  remains  unclear,  how 
the  results  of  the  calculations  reflect  physics  of  matter  and  how 
they  are  consequence  successful  sediment  tc  experiment.  In  spite  of 
adjustment,  the  high-energy  "tail"  of  the  spectrum  of  fragments  and 
the  connected  with  this  angular  distritution  in  the  area  of  small 
angles  (see  Fig.  422)  they  remained  as  before  those  which  were  not 
explained.  This  could  be  expected;  hardly  the  high-energy  part  of  the 
fragments  can  be  explained,  being  based  only  on  the  coulomb 
interaction  of  fragment  with  remanent/residual  nucleus. 

Thus,  if  we  do  not  utilize  as  the  adjustable  parameters  of  the 
basic  values,  which  must  automatically  be  obtained  in  any  sufficient 
satisfactory  theory  of  fragmentation,  then,  remaining  within  the 
framework  only  of  cascade  mechanism  of  knocking  out  of  fragments,  for 
some  characteristics  it  is  impossible  to  obtain  even  the  qualitative 
explanation-  Specifically,  remains  incomprehensible  one  of  the  basic 
experimental  facts;  the  large  value  of  the  section  of  fragmentation 
is  not  clear  also  the  reason  fcr  comparatively  small  anisotropy  of 
angular  scatterings  of  fragments  in  the  area  of  high  energies;  it  is 
impossible  to  explain  the  sub-barrier  range  of  energy  spectrum, 
especially  for  fragments  with  large  charges.  At  the  same  time,  the 
fact  that  many  calculated  values  all  the  same  are  created  with 
experiment,  by  itself  hardly  is  random  and,  apparently,  it  indicates 
that  in  any  case  part  of  the  fragments  is  formed  as  a result  of 
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knocking  out  of  clusters. 

i 

Mechanism  of  evaporation.  In  §96  has  already  been  noted  that  in 
its  form  the  energy  spectrum  of  fragments  was  close  to  the 
Maxwellian,  or  evaporative  spectrum.  In  favor  of  the  evaporative 
mechanism  cf  the  formation  at  least  of  part  of  the  fragments  tell 
also  the  dependence  of  the  probability  of  the  etission  of  fragments 

i 

• cn  the  excitation  energy  of  target  nucleus  and  some  data  on  their 

angular  distribution.  It  is  not  amazing  therefore  that  the  model  of 
the  evaporation  of  multiply-charged  particles  from  strongly  excited 
nuclei  was  one  of  the  first  models  of  the  process  of  fragmentation. 

In  many  works  (see  articles  [ 1,  1 1-13,  2 1-24,  32,  49,  7 1,  1 16  ] 
the  form  of  energy  spectra  and  the  angular  distributions  of  fragments 
was  investigated  on  the  basis  of  three-parameter  approach  (see 
formulas  (9.2)),  the  majority  of  the  authors  examining  the  formation 
of  fragment  SLi  in  connection  with  the  fact  that  this  fragment 
sufficiently  reliably  identified  on  experiment. 

The  calculations  showed,  which,  even  if  it  is  possible  to  obtain 
sufficiently  good  agreement  with  the  experimental  data  on  energy  and 
angular  distributions,  the  obtained  in  this  case  values  of  the 

’ parameters  t,  V and  v are  deprived  of  any  physical  sense.  So,  Table 

137  shows  that  the  temperature  t is  usually  equal  approximately  to  10 
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MeV  and  above,  which  corresponds  to  the  excitation  energy  of  nucleus 
E * about  1 GeV,  i f we  use  the  relaticnship/ratio  between  E * and  r, 
which  is  given  by  the  nodel  of  Fermi  gas;  in  this  case  the  complete 
nuclear  binding  energy  is  equal  to  -800  to  fleV.  Hence  it  is  possible 
to  draw  the  conclusion  that  three-parameter  formulation  of  the  model 
cf  evaporation  one  should,  apparently,  examine  cnly  as  the  convenient 
method  of  the  systematization  of  the  experimental  data.  It  does  not 
save  position  and  the  supplementary  account  of  the  transverse 
component  of  the  speed  of  evaporating  nucleus  [3]. 

Is  more  consecutively  the  examination  of  the  evaporation  cf 
fragments  directly  from  these  excited  nuclei,  which  remain 
immediately  after  completion  of  the  cascade  stage  of  interaction  [37, 
38,  60,  67,  74].  The  characteristics  of  such  nuclei  can  be  calculated 
by  the  Monte-Carlo  method  in  the  same  way  as  this  was,  for  example, 
described  in  chapter  6- 

Page  557. 


The  results  of  the  calculations,  given  in  Table  138,  show  that  thus 
it  is  possible  to  attain  fair  agreement  with  the  experimental  yield 
cross  sections  of  light/lung  fragments.  However,  for  the  energy 


heavier  fragments  (Z.,,  ^ 5)  there  is  no  agreement  even  in  the  relative 


probability  of  emission  [28],  Experimental  value  of  that  probability 
is  considerably  greater  than  the  value,  designed  according  to 


vaporization  theory 


Table  137, 


Parameters  of  vaporization  theory,  utilized  for  the  description  of 
the  energy  spectrum  of  fragments  •li,  emitted  ty  the  heavy  component 
of  photoeaulsion  (according  to  the  data  of  survey/coverage  [87]). 
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Table  138. 

A comparison  of  experimental  and  calculated  cross-sections  of  the 
formation  of  fragments  by  protons  with  an  energy  of  T,  mb  [38]. 
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FOOTNOTE  Columns  I and  II  are  related  to  twc  versions  ot  the 
calculation,  which  are  distinguished  by  the  selection  of  the  value  of 
a radius  of  coulomb  interaction  or,  in  ether  words,  the  selection  of 
the  value  of  the  effective  coulomb  interaction  cf  fragment  and 
residual-nucleus  [38].  ENDFCOTNOTE. 


Page  558. 

The  agreement  of  evaporative  model  with  experiment  for  the 
individual  characteristics  of  fragments  cannot,  of  course,  serve  as 
the  proof  of  the  evaporative  mechanism  cf  the  formation  of  basic  part 
cf  the  fragments.  Furthermore,  are  experimental  data,  which  it  is 
generally  very  difficult  to  match  with  this  model;  many  being  born 
fragments,  the  character  of  the  dependence  of  the  section  of 
fragmentation  on  the  mass  number  of  target  nucleus,  the  presence  of 
the  high-energy  part  of  the  spectra  and  finally  the  high  value  cf 
angular  anisotropy. 

Generally  speaking,  certain  surprise  causes  already  the  very 
fact  of  the  agreement  of  a series  of  the  calculated  and  experimental 
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characteristics.  The  fact  is  that  the  statistical  model  of  nuclear 
reactions  assumes  the  presence  of  thermodynamic  equilibrium.  However, 
during  the  high  excitations  of  the  nuclei,  when  only  can  with 
noticeable  probability  evaporate  fragments,  the  lifetime  of  the 
excited  system  little;  therefore  in  the  interval/gaps  among  the 
consecutive  emissions  of  single  particles  is  establish/installed  only 
very  relative  equilibrium,  especially  because  the  delay  time  of  the 
highly  excited  system  comparable  in  the  course  cf  time  of  the 
development  of  intranuclear  cascade  and  the  separation  of  process  at 
cascade  and  evaporative  stage  becomes  very  conditional  [40], 
Furthermore,  during  high  excitations  change  many  properties  of 
nuclei;  specifically,  as  a result  of  thermal  expansion  is  reduced  the 
coulomb  barrier  of  nucleus,  a decrease  in  the  surface  tension  in 
nucleus  leads  to  a considerable  increase  in  the  competition  of  the 
process  of  nuclear  fission,  are  changed  conditions  for  the 
coagulation  of  nucleons  into  the  evaporating  grcup-fraqments.  All 
this  leads  to  the  tact  that  from  the  existing  theory  of  evaporation 
at  best  it  is  possible  to  require  only  the  rough  qualitative 
agreement  with  experiments  in  fragmentation. 

Recently  were  made  the  attempts  to  develop  the  theory  of  the 
evaporation  of  complex  particles,  taking  into  account  the  possibility 
cf  so-called  indirect  evaporation  [72,  120],  when  in  the  same  way  as 
this  occurs  in  reaction  (p,  d) , the  evaporating  from  nucleus  particle 
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can  be  coabined  with  another  evaporating  particle,  if  these  particles 
j approaching  guantun  numbers  [77].  The  calculations  in  an  example  of 

the  emission  of  the  nuclei  of  tritium  showed  that  for  strongly 

! excited  nuclei  the  probability  of  indirect  evaporation  is 

1 

really/actually  greater  than  the  probability  of  direct/straight 
i evaporation. 

The  application/use  of  a theory  of  indirect  evaporation  to 

I 

I 

I heavier  fragments,  apparently,  will  make  it  possible  somewhat  to 

I improve  agreement  with  experiment;  however,  the  large  part  of  the 

disagreements,  of  course,  will  remain. 

I 

I One  should  mention  even  about  the  attempts  to  consider  the 

mechanism  of  the  evaporation  of  fragments  as  special  case  of  the 

i 

process  of  strongly  asymmetric  nuclear  fission  [35,  80,  125].  At  the 
I early  stage  of  the  investigation  of  the  phenomena  of  fragmentation 

this  approach  seemed  completely  natural.  For  this  there  were  some 
theoretical  prereg uisite/premises:  Fudzhimcto  and  Yamaguchi  they 
showed  that  at  the  temperatures  of  the  nuclei  of  the  order  of  the 
binding  energy  of  nucleon  the  fission  probability  of  these  nuclei 
becomes  comparable  with  the  probability  of  neutron  emission  [h3]. 

- However,  the  subseguent  analysis  of  experimental  experimental  data  on 

nuclear  fission  at  high  energies  of  excitation  showed  that  the 

i 

process  of  division  cannot  be  that  critical  for  the  formation  of  any 
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significant  part  of  fragnents  [87,  107].  At  present  virtually  it  is 
not  possible  even  to  indicate  the  characteristic,  which  would  be  in 
sufficiently  good  agreement  with  the  model  of  strongly  asymmetric 
fission.  The  resemblance  of  the  process  of  division  and  process  of 
the  decomposition/decay  of  the  excited  nucleus  into  fragment  and 
residual-nucleus  turned  out  to  be  purely  external. 


Other  attempts  at  the  explanation  of  the  phenomenon  of 
fragmentation.  As  we  already  saw  above,  all  attempts  to  explain  the 
basic  laws  governing  fragmentation,  remaining  within  the  framework  of 
any  one  of  the  known  mechanisms  - knocking  out,  evaporation  or 
divisions  - did  not  lead  to  success.  In  this  connection  by  the 
different  authors  was  proposed  a whole  series  of  the  hypotheses,  in 
which  was  made  the  departure/withdrawal  from  the  usual 
representations  of  nuclear  reactions  at  high  energies.  All  these 
hypotheses  can  be  divided  into  two  groups.  The  first  group  includes 
the  hypotheses,  according  to  which  the  formation  of  fragments  is 
caused  by  the  already  known  mechanisms,  which  cccur,  however,  under 
some  specific  conditions.  Here  it  is  possible  tc  call/name:  1)  the 
hypothesis  of  Telegdi  (usual  evaporation,  but  with  the  large  angular 
momentum  of  the  excited  nucleus)  [102];  2)  hypothesis  about 
asymmetric  nuclear  fission  with  large  angular  momentum  [106,  108];  3) 
Heisenberg's  turbulent  effect  [64];  4)  the  hypothesis  of  the  repeated 
exchange  of  mesons  [124]. 
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Page  559. 

Immediately  let  us  note  that  two  last/latter  hypotheses  did  not 
obtain  the  confirmation  on  experiment  (are  not  observed  predict  by 
them  to  the  correlation  of  the  formaticr  of  fragments  with  the 
generation  of  mesons).  As  concerns  of  the  first  two  hypotheses,  then 
the  calculations  showed  that  the  angular  momentum,  by  product 
nucleus,  really/actually  affects  the  course  of  the  process  of  the 
emission  of  fragments,  increasing  the  relative  probability  of  the 
emission  of  heavy  fragments  and  shift/shearing  the  most  probable 
value  of  energy  of  the  emitted  fragments  to  the  side  of  smaller 
values  [70].  However,  the  further  development  of  hypothesis  1 and  2 
were  not  obtained,  and  the  guestion  concerning  the  role  of  angular 
momentum  remains  thus  far  that  which  was  opened. 

To  the  second  group  can  be  attributed  the  hypotheses,  which 
consider  fragmentation  as  completely  special  process  of  nuclear 
disintegration,  different  from  knocking  out,  evaporation  and  division 
[85,  121].  Specifically,  in  the  works  of  Kruger,  Wolfgang,  etc.  [85, 
121]  critical  for  the  generation  of  fragments  is  considered  the 
special  meson  mechanism  of  the  transfer;  it  is  assumed  that  the 
absorption  of  pi-mesons  is  accompanied  by  such  powerful  local 
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disturbance/perturbations  in  nucleus,  that  occurs  the  breaking  of 
nucleon  co mmunicat ion/connections  and,  as  the  final  result,  the  rapid 
destruction  of  part  of  the  nucleus. 

Perkins  for  explaining  fragmentation  advanced  idea  about  the 
existence  of  the  long-range  nuclear  forces,  critical  for  the 
interaction  of  rapid  particles  with  the  correlated  group  of  nucleons. 


In  works  [51,  110]  was  presented  the  hypothesis  about  the  fact 

that  the  heavy  fragments  are  driven  out  by  the  shock  wave  of  Mach, 

which  is  formed  in  nuclear  substance  in  transit  through  it  of 
particle  at  "supersonic"  speed. 


Unfortunately,  all  these  ideas  appear  by  sufficiently  artificial 
and  not  one  of  them  it  can  explain  the  sufficiently  wide  circle  of 
experimental  facts.  Nevertheless,  by  itself  assumption  about  the 
existence  of  the  special  mechanism,  critical  for  splitting/fissions 
with  the  formation  of  multiply-charged  fragments,  deserves  attention. 
As  we  already  emphasized  above,  the  specific  character  of  the 
formation  of  remanent/residual  nuclei  with  high  excitation  energy  was 
such,  that  here  is  rubbed  the  clear  division  between  two  stages  of 
interaction.  Actually  in  this  case  is  realized  the  single  rapid 
process,  by  which  approximately  equilibrium  energy  distribution 
between  intranuclear  nucleons,  even  if  it  begins,  then  only  at  the 
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very  end/lead  of  the  interaction.  The  development  of  this  process  is 
accompanied  by  the  volumetric  and  surface  vibrations  of  nucleus, 
which  leads  to  the  distortion  of  its  form  and  tc  loss  of  stability 
with  respect  to  decomposition/decay-  In  this  case  as  it  was  noted  in 
work  [59],  power  engineering  oi  deformations  can  play  very  important 
role. 

Thus,  we  see  that  not  one  cf  the  proposed,  until  now,  approaches 
to  the  theoretical  explanation  of  the  processes  of  fragmentation 
cannot  be  considered  completely  satisfactory. 

A greatest  quantity  of  experimental  facts  can  be  explaine 
the  aid  of  the  single  cascade-evaporative  mechanism  of  the  for 
cf  fragments,  although  the  detailed  and  sufficiently  precise 
calculations  actually  still  not  is  made  ». 

FOOTNOTE  1.  The  made,  until  now,  calculations  were  based  on  the 
cascade  calculations  of  Metropolis,  etc.  [94].  However,  used  by  these 
authors  model  now  is  represented  by  very  rough.  The  given  in  chapter 
5 results,  which  were  obtained  within  the  framework  of  the  more 
advanceed  model,  noticeably  differ  from  the  results  of  Metropolis, 
This  difference  will  proncunce  during  the  evaluations  of  the  diverse 
characteristics  of  the  process  of  fragmentation.  Specifically,  that 
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In  actuality,  (for  example,  see  Fig.  265)  , in  region  T < 1 GeV  the 
number  of  driven  out  cascade  nucleons  increases  with  passage  tc  more 
heavy  nuclei.  ENDFOOTNOTE. 

Page  560. 

Nevertheless  the  cascade-evaporative  model  is  at  present  the  unique 
■odel,  within  the  framework  of  which  is  a pcssitility  to 
rate/estimate  the  contributions,  apparently,  of  the  most  important 
processes  of  the  fragmentation:  the  process  ol  knocking  out  and  the 
process  of  evaporation. 

It  is  possible  to  think  that  the  further  progress  of  theory 
first  of  all  is  connected  with  the  per fection/iirprovement  of  this 
model. 

It  should  also  be  noted  that  in  cascade-evaporative  model  more 

are  considered  also  seme  other  hypotheses  about  the 
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Biechanism  of  fragmentation,  for  example,  the  mentioned  above  meson 
mechanism  of  the  transfer  to  nucleus  and  the  hypothesis  of  Telegdi 


The  greatest  difficulties  are  connected,  apparently,  with  the 
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Chapter  10. 

SUCLEAB  FISSION. 

i 

1 

§99.  Division  of  the  excited  remanent/residual  nuclei.  ] 

■j 

1 

During  the  discussion  of  the  output/yield  of  remanent/residnal  ] 

nuclei  in  chapter  3 we  already  noted  that  in  the  case  of  heavy  \ 

targets  the  dependence  a has  wide  maximum  in  the  region  of  mass  | 

numbers  Aoct  ~ (see  Fig,  140).  This  maximum  is  connected  with 

\ 

the  process  of  the  division  which  we  subsequently  will  characterize 
as  nuclear  decomposition  to  two  comparable  fragments. 

From  demonstrative  model  point  of  view  division  it  is  possible 
to  call/name  this  phenomenon  when  nucleus  (but  further  we  will 
examine  only  the  excited  nuclei)  it  experience/tests  so  powerful 
oscillation/vibrat ions  that  the  forces  of  surface  tension  prove  to  be 


% 

V. 
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not  in  state  to  retain/hold  down  it  in  the  forni  of  single  system,  and 
nucleus  it  decomposes  (it  is  divided)  tc  twc  mere  or  less  differing 
hy  its  value  of  fragment.  >. 

FOOTNOTE  We  will  not  concern  the  process  of  nuclear  fission  into 
three  fragments.  The  relative  probability  of  such  a process  even  at 
an  energy  of  several  gigaelectron-volt  composes  a total  of  O.lc/o 
[12,  27,  51].  Research  on  nuclear  fission  into  three  fragments  under 
the  action  of  high-energy  particles  makes  also  only  its  first  spaces. 
ENDFOOTNOTE. 


Apparently,  not  into  one  of  other  fields  of  physics  was  invested 
so  many  the  efforts  of  the  researchers  and  was  accumulated  such  an  ! 

abundance  of  experimental  information  as  in  the  range  of  nuclear 
fission,  nevertheless  it  cannot  be  said  which  here  continually  is 

J 

understood  that  all  phenomena  obtained  their  explanation.  This  ] 

position  reflects  the  general  state  of  nuclear  physics,  and  the  j 

j 

process  of  division  in  this  sense  is  concentrated  all  difficulties  of  ’ 

: theory,  since  it  is  connected  with  the  deepest  transformations  of  \ 

I nucleus.  j 

;■  i 

i 

In  this  chapter  we  will  be  restricted  to  the  discussion  of  the 

' -I 

► 

'f  ' 
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nuclear  fission,  initiated  by  high-energy  particles;  in  this  case  the 
prinary  attention  let  us  give  to  the  results  of  investigations, 
obtained  recently.  The  reader,  who  is  interested  in  other  aspects  of 

the  physics,  can  turn  to  survey/coverages  and  ncnographs  [ 1,  36,  40, 
46,  50,  53,  54,  65,  83,  86,  90,  91,  115]. 

At  present  it  is  experimentally  proved  that  to  be  divided  can 
not  only  heavy  nuclei  of  the  type  of  thorium  and  uranium,  but  also 
the  nucleus,  arrange/located  in  the  middle  of  the  periodic  table  of 
elements  for  example;  for  this  necessary  tc  only  transmit  to  nucleus 
the  excitation  energy,  which  exceeds  the  threshold  of  fission 
reaction.  Thus  excitations  can  have  the  nuclei,  which  remain  after 
intranuclear  cascade.  As  we  saw  in  chapter  5,  these  nuclei  are 
characterized  by  wide  distribution  both  according  to  their  mass  and 
charge  numbers  and  according  to  the  value  of  excitation  energy  E *, 
up  to  very  high  energies.  In  this  case  the  fission  reaction  will 
compete  with  other  possible  processes  of  the  transition  of  the 
excited  nucleus  to  the  ground  state,  including  with  the  process  of 
evaporation. 

Page  564. 
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Fig.  427.  The  fission  cross  sections  of  nuclei  Au  and  Bi  under  the 
action  of  protons  with  a different  energy  of  T:  with  T < 0.6  GeV  the 

curves  approziaate  the  average  experiaental  values;  with  T > 0.6  GeV 
the  curves  are  carried  out  according  to  most  reliable  aeasureaents  of 
Kh’yudis  and  Katkov  [51]  (e) ; A,  x - the  respectively  data  of  the 
works  of  Hatusevich,  etc.  [61,  73]  and  de  Karvalo,  etc.  [24,  25];  o - 
the  results  of  other  works,  taken  from  Table  139. 

Key:  (1)  ab.  (2)  GeV. 


in  Fig.  427. 
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Key:  (1)  barn.  (2).  GeV. 


Page  565. 


Hence,  in  particular,  it  follows  that  the  fundairental  characteristics 


of  fissionable  nucleus,  its  pass  and  charge  nuirber  A.  and  Z„ 


and 


excitation  energy  generally  speaking,  do  net  coincide  with  the 

characteristics  of  the  excited  nuclei,  which  regained  after  the 
conpletion  of  the  cascade  stage  of  interaction. 

Excitation  energy,  the  pass  and  charge  numbers  of  primary 
fission  fragments  let  us  further  designate  £f. /I,',  z;  (i  = 1, 2).  It  is 
cbvious  that  £,*  + £•  = £;; /I, ' f /4' = Z;  + Z;  = Zji.  However,  the  fission 
products,  recorded  in  experiment,  usually  differ  significantly  from 
primary  fragments.  This  is  caused  by  the  processes  of  the  evaporation 
of  the  primary  excited  fragments,  by  the  processes  of  p-tr ansitions 
in  nucleus-products,  by  delayed  neutron  emission  and  by  other 
processes. 

Those  which  are  recorded  with  experiment  secondary  fragments  let 
us  characterize  the  mass  and  charge  numbers  Ai  and  Z.,  whereupon,  as 
a rule  At  ♦ and  z, ‘f  Zj  < Z^  < Z„.  where  of  the  number 

and  Z„  is  related  to  the  initial  target  nucleus. 
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§100-  Fission  cross  sections,  the  coefficient  of  f issionab ilit y. 

The  basic  known  now  experimental  values  of  the  fission  cross 

sections  of  nuclei  by  rapid  protons  and  neutrons  are  assembled  in 

Table  139,  but  for  the  most  in  detail  studied  nuclei  zo’Bi  and 

‘*^Au,  are  shown  also  in  Fig.  427  and  428.  From  the  preceding 

information  it  is  evident  that  the  results,  obtained  by  the  different 

authors  and  with  the  aid  of  different  procedure,  noticeably  differ 

from  each  other,  although  the  ccmmon/gener al/total  laws  are  visible 

sufficiently  clearly  for  nuclei  of  the  type  of  nucleus  fission 

cross  section  it  remains  virtually  constant  in  the  region  of  energies 

T 1 GeV,  and  then  begins  to  monotonical ly  decrease,  decreasing  with 

T ^ 30  GeV  approximately  double;  the  fission  cross  section  of 

bismuth,  mass  number  of  which  in  all  to  13c/o  is  less  than  of 

uranium,  sufficiently  rapidly  grow/rises  with  an  increase  in  the 

energy  of  primary  proton,  it  passes  through  the  wide  maximum  in 

region  7’~‘o,6  GeV  and  then  drops  to  value  Oj  cs:  100  mb  with  r ^ 30 

GeV;  daring  passage  to  even  more  light  nucleus  >»^Au,  the  dependence 
a'a  (T) 

becomes  monotonically  increasing  in  the  entire  region  of  energies. 


large  several  dozen  million  electron  volts  in  guestion. 
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One  should  note  disagreeaent  in  the  results  of  different 
measurements  with  energies  T > 0.6  GeV.  Apparently,  are  most  reliable 
the  results  of  Kh' yudis  and  Katkov,  obtained  with  the  use  of 
contemporary  procedure  of  mica  detectors  [51].  In  experiment  were 
recorded  the  cases  of  the  divisions  into  two  fragments,  each  of  which 
has  mass  number  vd.>30.  Here  thoroughly  examined  the  doubtful  cases, 
which  could  be  division,  but  due  to  recording  condition  one  of  the 
fragments  it  was  not  observable.  The  procedure  of  experiment  was 
checked  in  gauging  experiments  on  the  measurement  of  the  fissicn 
cross  section  of  nuclei  by  thermal  neutrons. 

A decrease  in  the  fission  cross  sections  of  the  nuclei  of 
uranium  and  bismuth  with  energies  of  the  protons,  greater  than  1 GeV, 
was  recorded  also  in  experiments  de  Karvalo,  etc.  [24,  25].  Obtained 
with  the  aid  of  emulsion  procedure  data  of  these  experiments  will 
agree  with  the  measurements  of  Rh'yudis  and  Katkov  with  r~0,6  GeV, 

, with  T = 20  GeV  they  are  understated  double.  It  is  possible  that 

I 

[ these  disagreements  are  caused  by  the  different  criteria  of  the 

( 

[ selection  of  dividin^j  events  in  works  [24,  25,  51], 

I 

i Very  considerable  and  completely  incomprehensible  disagreement 

[ is  observed  between  the  data  of  Kh'yudis  and  Katkov  [51]  and  the 

f ’ results  of  the  works  of  Ye.  S.  Hatusevich  and  cf  co-authors  [61,  73], 

although  in  both  cases  was  applied  the  close  procedure  (Ye.  S. 


f 

1 


Ik 


PAGE 

Matusevich  et  al.  as  detector  utilized  usual  glass).  If  with  T xr  0.(p 
GeV  the  results  of  these  works  are  close  for  the  nuclei  of  gold  and 
bisBUth  and  only  to  15o/o  are  distinguished  in  the  case  of  the 
nucleus  of  uranium,  then  with  high  energies  of  the  measurement  of  Ye. 
S.  Matusevich  et  al.  gave  almost  double  smaller  section  for  uranium 
and  substantially  large  values  for  the  nucleus  of  bismu^-h, 

whereupon  in  the  latter  case  coapletely  different  and  the  energy 
dependency  of  sect  ion  a^,  (r)  *« 

FCCTNOTE  i.  As  it  was  noted  in  work  [51],  it  remains  unclear,  it  is 
how  accurate  during  the  use  of  detectors  made  of  glass  in  works  [61, 
73]  were  recorded  the  events  of  high-energy  division  into  two 
fragments  and  how  reliably  we  could  be  separated  event  with  one 
visible  track.  ENDFCOTNOTE. 

Pages  566-567. 

Table  139.  Fission  cross  section  of  nuclei  by  high-energy  protons. 
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Key:  (1).  Nucleus.  {2)  itb.  (3).  Literature.  (4).  MeV.  (5).  GeV. 
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FCCTNOTE  1.  Corrected  value  is  related  to  the  section  of  1 

I 

formation/education  in  the  emulsion  of  the  pair  of  heavy  tracks.  j 

Among  such  events  considerable  portion  they  compose  the  processes  of  j 

the  simultaneous  generation  of  two  fragments  (see  [51]).  ENDFOCTNOTE.  ] 


FOOTNOTE  2.  Besides  the  error  of  measurement  indicated  there  can  be 
even  lOo/o  systematic  error. 


Page  568. 

Friedlander  to  evaluate  fission  cress  sections  by  the 
high-energy  protons  of  tae  nuclei  of  lead  and  uranium  utilized  data 
of  radiochemical  measurements  [36].  The  upper  limit  of  the  fission 

cross  section  of  the  nucleus  of  uranium  with  T = 2.9  and  28  GeV  was 
thus  determined  equal  respectively  1.28  and  1.23  barn,  and  lower  - 
C.83  and  0.48  barn.  For  lead  was  obtained  the  estimation  only  of  the 
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upper  boundary  of  the  sectionia^^  0,27  tarn  with  T = 2-9  GeV  and 

<^3  < 0,31  barn  with  T - 28  GeV.  These  estimations  will  agree  with  the 
results  of  Kh'yudis  and  Katkov  [51]- 

During  passage  to  more  light  nuclei  it  decreases  both  the  very 
value  of  fission  cross  section  and  portion  Oj'ai„,  which  composes  the 
process  of  division  in  the  total  cross  section  of  inelastic 
interaction-  This  portion  is  conventionally  designated  as  the 
coefficient  of  fissionability  or  simply  by  the  f issionabil ity  of 
nucleus-  For  nuclei,  whose  process  of  division  is  prevailing  as 
compared  with  all  by  others,  i.e.,  for  nuclei  of  the  type  of  thorium 
and  heavier  maximum  value  of  fissionability  composes  more  than  0.5; 
for  nuclei  in  the  region  of  lead  and  bismuth  0-05-0-  1;  for  even 

more  light  nuclei  fission  probability  is  sc  low  in  comparison  with 
the  probability  of  usual  splitting/fission,  that  experimental 
information  proves  to  be  simply  insufficiently  to  establish  the 
character  of  energy  dependency 

N.  A.  Perfilov  [88]  focused  attention  cn  the  fact  that  the 
■aximua  value  of  fissionability,  considered  as  function  of  relation 

behaves  monotonically 

('T;,/e,„)«aHc  = exp  {0,682  (ZllA^  - 36, 25)}.  (10.1) 

As  can  be  seen  from  Fig-  429,  this  approximation  turns  out  to  be 
valid  for  the  wide  set  of  nuclei,  from  uranium  and  to  rare-earth 
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elements;  it  it  is  possible  to  use  to  evaluate  section  when 

experimental  data  is  insufficient.  j 

i 

j 

§101-  Distribution  of  fission  fragments  according  to  their  masses. 

J 

-• 

Figure  430  shows  the  distribution  cf  the  cutput/yield  of  nuclear 
fragments  depending  on  their  mass  number  A.  fcr  the  case  of 
interactions  with  the  nuclei  of  uranium  of  the  protons  of  different 
energies-  During  MeV  this  distribution  has  the  typical 

"double-humped"  character,  well  known  from  experiments  on  low-energy 
particles.  In  high-energy  region  the  mass  distribution  has  only  one 
wide  maximum  whose  center  wi+-h  an  increase  in  energy  T slowly  is 
shift/sheared  to  the  side  of  smaller  of  mass  numbers  A.,  a 
distribution  itself  in  this  case  it  widens  itself  and  it  becomes 
asymmetric-  With  T > 1 GeV  the  dividing  peak,  sc/such  characteristic 
fcr  low-energy  division,  is  virtually  already  barely  noticeable 
{•his,  in  particular,  impedes  value  deter minat icn  of  section  by 

means  of  the  integration  of  curve 

It  must  be  noted  that  the  low-energy  curves  in  Fig.  430  show  the  ^ 

averaged,  smoothed  dependence  (-4^),  real  distributions  actually  ■ 


never  they  are  strictly  symmetrical  and  single-humped 
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Fig-  429-  Dependence  of  the  Baziaua  values  of  £ issionabili ty  a^/Oin 
from  the  value  of  relation  Zm/Am  {z^/A^,=--2^yA„).  Experimental  va  lues 
correspond  in  essence  of  the  region  of  energies  r-=  0.4-0.  7 GeV. 

Section  am  is  designed  by  formula  = » (1.26  AV^  is  0-4  1)  2 lO-? 
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Fig.  431,  Fission  yield  of  nuclear  fission  U by  protons  170  NeV  in 
energy  depending  on  the  value  of  their  uass  nunher  [85]- 

Key;  (1)  mb. 

Page  570. 

This  is  evident,  for  example,  from  Fig.  431,  where  is  given 
distribution  Og  (/i.)  for  the  nuclear  fission  of  uranium  17  0-(1eV  by 
protons.  Unfortunately,  now  still  there  are  no  such  detailed 
measurements  of  fission  yield  for  other  energies. 


1 

t 


In  the  case  of  more  light/lung  target  nuclei  the  character  of 
dependence  (/Ij)  remains  in  general  terms  the  same  as  for  the 
nucleus  of  uranium  (for  example,  see  Fig-  432);  however,  maximum  is 
expressed  considerably  weaker  (comp,  with  Fig,  140).  For  example, 
during  irradiation  cf  lead  by  protons  with  energy  T - 28  GeV 
virtually  with  identical  probability  are  formed  fragments  in  the 
region  of  mass  numbers  /I.  ~ (30-130)  [36],  For  even  more  light/lung 
fragments  A^<:30  the  section  Oa(A.)  sharply  will  increase  during  a 
decrease  in  the  number  A.,  that  connected  with  the  phenomenon  of 
fragmentation  (see  Chapter  9). 


Figure  433  and  434  in  an  example  cf  the  nucleus  of  uranium  shows 
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the  energy  dependency  of  the  sections  c£  the  cumulative  and  a 

- 

independent  output/yield  of  neutron  excess  and  neutron-deficient 
isotopes.  >. 

FOOTNOTE  *.  The  separation  of  fission  yields  nucleus-  to  independent 
variables  and  cumulative  is  connected  with  possibility  to  deal  only 
with  one  isolated  fission  product  (independent  cutput/yiel d)  or 
actually  with  the  sum  of  the  different  fragments,  which  as  a result 
of  the  subsequent  ^-transitions  (and  thinner  - delayed  neutron 
emission)  form  one  and  the  same  end  product-  The  latter,  in 
particular,  include  all  nuclei,  which  are  found  at  the  end  of  the 
chain/networks  of  ^-decays.  ENDFOOTNOTE. 


If  in  the  first  case  in  an  entire  region  of  energies  r^ioo  MeV  of 
section  monoton ica lly  they  decrease,  then  the  sections  of  the 
formation/education  of  fragments  with  a neutron  deficiency  have  the 
clear  ■aziiua  whose  position  depends  only  cn  the  neutron-proton  ratio 


^ As  can  be  seen  from  Fig.  435,  than 
nucleus,  themes  with  larger  energy  appears 
with  an  increase  of  energy  T the  relative 
nuclei  grow/rises- 


more  neutron-deficient 
maximum.  In  other  words, 
yield  of  neutron -def icie nt 
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§102.  Charge  dispersion  of  fragments. 


Under  the  charge  dispersion  of  fragments  let  us  understand  the 
distribution  of  the  fission  yield  according  to  isobars  during  the 
fixed  value  of  mass  number  This  term  one  ought  not  to  confuse 

with  term  the  charge  distribution,  which  we  will  further  characterize 
the  charge  distribution  of  the  target  nucleus  tetween  two  fragments, 
which  were  being  formed  in  fission. 

Last  low  energy  T the  charge  dispersion  of  fragments  it  is 
described  sufficiently  well  by  the  Gaussian  curve  whose  raaximumZp 
(i.e.  the  value  of  most  probable  charge)  is  shifted  relative  to  the 
line  of  stability  per  three  or  four  units,  tut  the  complete  width 

of  curve  on  the  half  of  the  maximum  value  composes  a little  more  than 
two  unity  [40,  46,  54,  83].  With  an  increase  in  energy  T up  to 
several  hundreds  of  million  electron  volt  charge  dispersion 
considerably  widens  itself  (mainly,  because  of  an  increase  in  the 
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Fig.  432-  Hass  distribution  of  the  fission  fragients  of  the  different 
nuclei,  irradiated  by  protons  450  HeV  in  energy  [46,  67].  By 
rif leman/pointers  are  shown  values  egual  to  the  half  of  the  mass 

number  of  target  nucleus. 

Key:  (1)  mb- 

Page  571. 


Fig-  433.  The  cuiulative  (a)  and  independent  (b)  output/yield  of  the 
neutron  excess  fission  fragients  of  nuclei  by  protons  with  an 


energy  of  T;  o,  A are  experimental  data  respectively  from  works  [37, 
1051:  curves  are  a result  of  the  theoretical  calculation  (see  §106). 

/ I! 


nucleus  by  protons  with  an  energy  cf  T.  Curves  approx  iaate 

experimental  data  works  [37].  These  for  »2»Cs,  they  are  related 

to  independent  variable,  while  these  for  »*VBa  - to  cumulative 
fission  yield. 
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Key:  (1)  mb,  (2).  GeV. 

Fig.  435.  The  position  of  the  maxinium  of  excitation  function  for 
nuclear  fission  U by  the  protons;  c,  t are  experimental  data 
respectively  for  neutron-deficient  and  neutron  excess  fission 
products  from  works  [ 23,  37  ], 

Key:  (1).  GeV, 

Page  572. 

Increasingly  above  aforesaid  is  illustrated  by  data  given  in 
Fig.  436,  although  follow-  to  have  in  fcrm,  that  the  given  in  this 
figure  curves  are  not  charge  dispersion  in  strict  sense  of  this  word, 
since  along  the  axis  of  abscissas  is  deposit/pcstponed  not  the  charge 
cf  fragment  Z^  (or  dif f erence  Z.  — but  relation 


FOOTNOTE  The  selection  of  this  dependence  is  caused  themes  that  in 
the  region  of  high  energies  is  a smaller  number  of  convenient  for 
measurement  nuclei  (in  this  case  experimental  curves  are 
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measurements  they  are  related  faster  to  the  group  of  nuclei  with 
close  mass  numbers,  than  to  one  fixed  value  >1,. 

For  each  mass  number  necessary  would  be  to  select  its  value/A. 

while  the  relation  in  practice  it  does  not  depend  on  value  7.a- 

ENDFOOTNOTE. 

Figure  436  also  shows  that  with  / 1 GeV  in  the  curves  of 

charge  dispersion  distinctly  they  exhibited  two  maximums-  The 
formation  of  left,  neutron-deficient  maximum  is  connected  with 
high-energy  division  [2,  37].  The  width  and  the  position  of  the 
second  maximum,  which  corresponds  to  neutron  excess  (■V/'Z,  ~ 1,5),  are 
little  affected  with  an  increase  of  T;  the  position  of  this  maximum 
closely  to  the  position  of  the  neutron  excess  peak  in  low-energy 
division.  Thus,  it  may  be  concluded  that  the  large  totality  of  data 
(charge  dispersion  of  fragments,  their  distribution  according  to 
masses,  the  character  of  excitation  functions)  indicates  that  the 
low-energy  division  continues  to  give  contribution,  also,  during 
nuclear  fission  by  high-energy  particles-  Kay  let  us  see  below,  this 
is  confirmed  also  by  the  results  of  experiments  on  research  on  the 
energy  properties  of  fragments. 

The  analysis  of  the  results,  given  in  Fig-  437,  makes  it 


utm 
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possible  to  establ ish/install  still  several  other  interest inq  laws 
governing  [36]  :1)  a difference  in  the  dispersion  of  the  charges  of 
fragments  with  tenfold  being  distinguished  energies  T = 2. 9 and  28 
GeV  very  insignificantly  fcr  uranium  ' nd  for  the  more  light  nuclei  of 
lead;  2)  the  dispersion  of  charge  strongly  depends  on  the  type  cf  the 
initial  fissionable  nucleus,  during  passage  to  smaller  mass  numbers 
sharply  descends  the  fission  yield  with  the  large  value  of  rel  ation  Vj/Z.. 
The  latter  especially  is  noticeable  for  heavy  fragments;  3)  the 
double-peaked  form  of  charge  dispersion,  characteristic  for  the 
fragments  of  uranium  with  mass  numbers  about  /l.~’l30,  is  not  observed 
for  more  light/lung  fragments. 

Several  words  about  the  charge  distribution  of  the  fissionable 
nucleus  between  its  fragments. 

The  number  of  works,  dedicated  to  this  question,  is  small. 
Analyzing  the  nuclear  fission  cf  bismuth  190-MgV  by  deuterons, 

Goyekerman  Pearlman  [41]  send  to  the  ccnclusion/der ivat ion  about  the 
equal  "specific  charges”  of  the  fragments: 


z\!A\  - z;m;, 

(10.2) 

i 

i 

although  it 

remains  unclear. 

how  this  conclusion 

is  correct 

for 

hiqh-energ  y 

nucleon-  nuclear 

interactions  with  T 

> 100  MeV. 

i 

j 

Specifically 

, Peyt  considers 

that  to  the  nuclear 

fission  of 

uranium 

1 

3 

i 

and  thorium 

more  corresponds 

the  assumption  about 

the  equa li 

ty  of  the 

1 

1 
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Fig.  436.  Charge  dispersion  cf  the  fission  fragnents  with  mass  number 
1 Aj  = 131,  which  were  being  formed  as  a result  of  nuclear  fission 
by  the  rapid  protons  of  different,  energy  [361. 

Key;  (1)  mb.  (2)  GeV. 

Page  573. 
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Fig.  437.  Charge  dispersion  of  fission  fragaents  U (unbroken  curves) 
and  Pb  (dotted  line)  with  different  energy  of  the  priaary  protons  T 
[36]. 

Key:  (1)  ab.  (2).  GeV. 

Page  574. 

The  detailed  analysis  of  the  nuclear  fissicn  of  uraniua  170-HeV 
ty  protons,  carried  out  in  work  [85],  allowed  its  author  to  assert 
that  the  experiaental  data  are  arrange/located  in  the  range, 
interaediate  between  relationship/ratios  (10.2)  and  (10.3).  With 
energies  of  the  primary  protons  T > 1 GeV  the  assumption  of  the 
equality  of  the  lengths  of  the  chain/networks  cf  8-decay  is  not 
applicable,  at  the  same  time  reveal/detected  no  contradictions  with 
assumption  about  uniform  charge  distribution  [36].  Unfortunately,  a 
deficiency /lack  in  the  information  does  not  make  it  possible  thus  far 
to  aake  here  final  conclusions. 
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and  the  value  of  excitation  energy  t:*,  at  which  occurred  nuclear 
fission,  it  is  possible  to  obtain  by  several  aethods.  The  widest  use 
received  photoeaulsion,  and  recently  - the  radicchenical  aethods, 
using  some  properties  of  the  recoil  nuclei  of  fission  fragments.  With 
these,  and  also  with  some  other  using  new  methods  it  is  possible  to 
be  introduced,  for  example,  in  survey/coverages  [ 1,  83,  90  ].  It  is 
appropriate  also  to  emphasize  that  on  experiment  instead  of  the 
energy  of  fissionable  nucleus  h:*,  as  a rule,  actually  is  recorded 
excitation  energy  £ *,  which  possessed  the  nucleus  immediately  after 
the  completion  of  intranuclear  cascade  (but  for  the  events,  which 
were  being  accompanied  by  the  division  cf  remanent/residual  nucleus). 
It  is  understandable  that 

Average  total  energy  of  fission  fragments.  The  at  present 
average  value  of  the  total  energy  of  fragments  g = is 

investigated  in  detail  in  the  range  low  and  intermediate  energies  T. 
In  this  case  it  proves  to  be  that  this  value  does  not  depend  on 
energy  and  type  of  initial  particle;  however,  clearly  correlate  with 
the  value  of  the  parameter  z>/zy*,  where  and  ~ mass  and 

charge  numbers  of  fissionable  nucleus  [40,  46,  54,  83].  This  fact 
indicates  that  the  kinetic  fission  energy  in  essence  is  determined  by 
energy  of  coulomb  repulsion. 


If  energy  of  fragments  really/actually  is  determined  only  by 
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couloBb  interaction  that  at  high  energies  it  is  possible  t'O  use 
espirical  relationships,  obtained  in  range  saall  T [83,  111]: 

g = 0,121ZjMi'®5  (10.4a) 

g = 12,5  ^-0.1092Z^/1y^  (10.46) 

the  experimental  analysis  of  these  relationship/ratios  at  high 
energies  is  very  difficult,  since  the  experiaents  are  sufficiently 
coaplex  and,  furtheraore,  remain  the  unknowns  net  only  of  value 
and  Za,  but  also  the  mass  and  charge  numbers  of  primary  fragaents  AX 
and  Z\.  Hevertheless  in  such  cases  where  such  analysis  is  led  to 
end/lead,  the  results  do  not  contradict  relationship/ratios  (10.4). 
Specifically,  Sugarman,  etc.  [110],  studying  uranium  fission  USO-HeV 
by  protons,  they  shoved  that  the  coaputed  value  ^ - 169  HeV  is  in  a 

good  agreement  with  measured  on  experiment  value  163  *-  8 NeV. 

It  should  be  noted  that  despite  the  fact  that  the  experiment 
shows  the  independence  of  average  value  i froi  energy  of  initial 
particle,  it  is  possible  all  the  same  to  expect  that  this  value  must 
somewhat  decrease  with  an  increase  of  T,  since  in  this  case  decrease 
the  average  charge  and  the  mass  numbers  of  fissionable  nuclei. 

Energy  of  couloab  repulsion,  and,  therefore,  and  value  of  energy 
directly  connected  with  distance  between  centers  of  priaary 
fragments  at  the  torgue/moaent  of  their  separation.  If  these 


DOC  = 77106907 


PAGE  -JT-  S 


fragaents  vere  spherically  ayaaetrical,  then  ibis  distance  would  be 
proportional  to  sub  (/4;)'/i  f (^^v,  and  topaost  energy  S they  would 
have  fragaents  during  the  sysaetrical  division,  when  The 

experinents  with  low  energies  showed  that  in  actuality  this  not  so: 
fragaents,  as  a rule,  strongly  deforaed  result  c£  which  is  "failure” 
in  distribution  near  the  point  of  syaaetrical  division  [40, 

46,  54,  83  ]. 

Page  575. 

In  Fig.  438  shown  analogous  distribution  for  high  energies.  Is 
observed  certain  structure  of  dependence  approximately  in  the 

sane  range  that  and  for  nuclear  fission  *>>0  by  thernal  neutrons.  Of 
course,  to  such  parts  one  should  be  related  with  precaution,  since 
the  experinental  errors  in  Fig.  438  are  comparable  with  the  value 
of  these  parts;  on  the  other  hand,  the  fact  of  a weak  change  of  value 
An  range  83  < A*x  < 140  can  be  considered  coapletely  reliable. 

Snergy  of  separate  fission  fragnent.  Dntil  now,  the  discussion 
concerned  the  coaplete  nediun  energy  of  fission  fragments.  As 
concerns  kinetic  energy  of  separate  fragnent^,,  that  the  character 
of  its  changes  it  depends  substantially  on  the  type  of  fragment. 


i 

J 

1 
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From  the  given  Fig.  439  data  shows  that  with  energy  of  primary 
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proton  several  hundreds  of  aillion  electron  volt  range/paths  and, 

consequently,  also  kinetic  energies  of  neutron-deficient  and  neutron 

excess  nuclei  are  identical.  This  fact  speaks  in  favor  of  the  single 

■echanisa  of  the  f oraation/education  of  fragments  in  the  range  of 

energies  T of  the  order  several  hundreds  of  oillion  electron  volt. 

During  p2issage  to  energies  T > 1 GeV  the  range/paths  of  the 

iapoverished  by  neutrons  nuclei  decrease  alaost  double,  while  the 

range/paths  of  neutron  excess  fragnents  renain  previous,  that  can  be 

considered  as  indication  of  the  possibility  of  another,  different 

froa  division,  the  mechanisa  of  the  foraation/education  of  fragnents 

with  the  understated  number  of  neutrons.  (Recall  that  precisely  with 

these  products  is  connected  the  left  peak  in  curved  charge  dispersion 

in  Fig.  436  and  437).  Into  this  special  feature/peculiarity  of  the 

process  of  nuclear  fission  at  high  energies  indicated  for  the  first 

time  Aleksander  with  co-authors  [2].  Then  this  was  confiraed  the 

works  of  other  authors  [11,  45].  However,  all  these  results  were 

related  to  fragments  with  mass  number  115  < < 140.  Only  in  recent  work 

equal  to  [98]  were  investigated  the  fragnents  of  scandium  with  masses 
42</l,<49. 

^ In  this  case  it  turned  out  that,  although  as  in  the  case  of 
heavier  fragnents,  with  passage  from  T > 0.5  GeV  to  energies  T >>  1 
GeV  the  dependence  of  kinetic  energy  of  f ragnent  .r' (y4.)  froa 
equiprobable  becomes  '’stepped"  (Fig.  4 39)  , nevertheless  the  values  of 
this  energy  for  neutron  excess  nuclei  at  so/such  being  distinguished 
values  of  T no  longer  are  placed  by  one  straight  line  and  decrease 
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fcoB  vain*  y c^80  at  T « 590  laf  to  y~5o  ■•T  at  T » 18  GaV. 


Fig.  438.  The  dependence  of  the  average  value  cf  total  energy  of  the 
fission  fragnents  of  nucleus  fron  nass  of  cne  of  the  t»o  primary 

fragments  at  the  most  probable  value  of  its  charge  z = Zp  C ^ ^0 ] 
(division  occurs  under  the  action  of  pretons  with  energy  T = 450 
HeV) ; 1,  2 - two  possible  Methods  of  the  apFroximation  of  the 
ezperiaental  data;  3 - the  corresponding  results  for  the  case  of 
nuclear  fission  ^y  thernal  neutrons. 


Page  576. 
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Excitation  energy  of  fissionable  nuclei.  The  atecage  excitation 
energies  of  the  nuclei,  vhich  experienced  division,  £*.  are  given  in 
Table  140. 


FOOTNOTE  1.  On  a difference  in  the  energies  and  £*  s«e  page  574. 

ENDFOOTNOTE. 


Value.  £♦  noticeably  grow/rises  during  passage  to  aore  light  nuclei. 
In  this  case  increases  also  the  nunber  of  Icv-energy  charged 
particles,  which  accompany  division. 

According  to  the  nuaber  of  particles  of  the  tracking  it  is 
possible  to  judge  how  changes  value  , £*  in  range  T > 1 GeV , where 
thus  far  still  there  are  no  direct  seasureaents.  Specifically,  in  the 
work  of  N.  A.  Perfilova  et  al.  [89],  carried  out  with  T > 9 GeV,  the 
average  nuaber  of  protons  and  a-particles  with  energies  ^*<40  HeV, 
which  accoapany  the  nuclear  fission  of  uraniua,  is  obtained  equal  to 
3.84  that  considerably  greater  average  values  of  1.15  ♦-  0,06,  that 
corresponds  to  energy  T = 660  MeV  [15]. 
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Pig-  439.  The  dependence  of  the  mean  path  of  the  isotopes  of  iodine, 
vhich  «ere  being  formed  during  the  nuclear  fission  of  uranium  by 

protons  Kith  a different  energy  of  T,  on  their  mass  number:  o,  • 
experimental  data  [11]  respectively  for  T = 550  MeV  and  18  GeV ; A, 4 
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are  these  works  [2]  for  T = 720  MeV  and  6.2  GeV. 

Key:  (1)  ag/cm*. 

Table  140.  Average  excitation  energy  and  the  average  number  of  slow 
charged  secondary  particles  (ir<.50  HeV)  in  the  events  with  division 
initiated  by  rapid  protons  with  an  energy  of  T. 


1 * ypaH 
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£*,  Mae 

”(Zp 

£*,  Mae 

80±20  157] 
140+40  157] 

130  1101] 
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190  [101] 
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(120-150)1110] 
165±45  157] 
175+17  115] 

1,15+0,06  115] 

196+15  115] 
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i 
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+0,19  115] 

! 
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At  the  same  time,  as  already  mentioned  above  in  §57,  the  anal-sis  of 

entire  totality  of  known  now  data  on  inelastic  nucleon-  nuclear 

interactions  makes  it  possible  to  assert  that  with  T GeV  of 

value  they  must  become  approximately  constants.  Qualitatively 

this  is  confirmed  also  by  the  weakening  of  dependences  ^a(A.)  and 
On 

^ with  T > 3 GeV  (see  above) . 


Excitation  energy  of  fragments.  Frcm  the  experiments,  made  by 
the  procedure  of  recoil  nuclei,  it  is  pcssible  to  extract  value 
longitudinal  the  components  of  the  momentun/impulse/pulse  of  fission 
fragment  [1]-  By  utilizing  further  results  cf  cascade  calculations, 
this  component  can  be  connected  with  the  average  or  most  probable 
excitation  energy  of  this  fragment  [94,  95].  The  results  of  this 
investigation  are  given  in  fig.  440.  As  is  evident,  dependence  £r 
turns  out  to  be  different  for  the  large  and  low  values  A^;  the 
constancy  of  values  E*i  in  range  85  < Aj  < 140  is  the  direct/straight 
reflection  of  that  fact  that  kinetic  energy  remains 
constant/invariable  in  the  range  of  the  same  values  A^  (Fig.  438). 


It  should  also  be  noted  that  since  from  the  fragments  of  uranium 
are  emitted  in  essence  the  neutrons.  Fig-  440  gives  the 
representation  simultaneously,  also,  of  the  dependence  of  the 
cutput/yield  of  the  average  number  of  neutrons  on  the  mass  number  of 
nucleus-fragment  [ 85,  86  ]. 


VI 
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Difference  in  the  mechanisns  of  the  formation/education  of 


neutron-deficient  and  neutron  excess  residual-nuclei-  Very 


double-humped  structure  of  charge  dispersion  [2,  21,  37,  43-45,  58 


98,  100].  It  turned  out  that  the  fission  energy  of  neutron -def icient 


neutron  excess  nuclei.  So,  during  uranium  fissicn  by  protons  with 


of  fissionable  nucleus  6C-90  HeV,  whereas  to 


Fig.  440.  Dependence  of  the  excitation  energy  of  the 

reianent/r esidual  fissionable  nucleus  on  the  value  of  the  lass  number 
cf  fragment  (at  the  most  probable  values  of  the  charge  of  this 
fragment  z=z^,)  [110]  (interaction  of  protons  with  the  nuclei  of 

uranium  with  energy  T = 450  NeV)  . 
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Key;  (1).  MeV. 

Page  578. 

Very  it  is  remarkable,  that  the  dependence  of  the  excitation 
energy  of  fissionable  nucleus  depending  on  surplus  or  neutron 
deficiency  has  identical  character  irrespectively  of  the  value  of 
energy  of  rapid  initial  particle  and  of  the  value  of  the  mass  number 
cf  fragment  [45]  (see  Fig.  441,  where  the  slope/inclination  of  all 
straight  lines  is  virtually  identical);  in  ether  words,  fragments 
with  a neutron  deficiency  in  all  cases  are  formed  as  a result  of  the 
division  of  the  predominantly  highly  excited  nuclei. 

As  already  mentioned,  neutron-deficient  fragments  in  range  T > 1 
GeV  simultaneously  have  also  understated  value  of  kinetic  energy.  >. 

FCCTNOTE  1.  For  example,  in  the  given  above  example  of  the  nuclear 
fission  of  uranium  by  protons  with  energy  into  several 
gigaelectron-volt  value  V for  fragments  'iio-issi  are  approximately 
65  neV,  that  under  reasonable  assumptions  about  fissionable  nucleus 
comparable  with  the  value  of  energy  cf  coulcmb  repulsion;  for 
neutron-deficient  fragments  energy  is  egual  a total  of  30-40  MeV. 

ENDFOOTNOTE. 
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The  totality  of  all  these  facts  indicates  that  the  supplementary 
fragment  is  light  nucleus  with  small  mass  number  ana  suggests  about 
existence  in  range  T > 1 GeV  of  the  mechanism  of  the 
formation/education  of  neutron-deficient  nuclei,  different  from 
division  into  two  fragments  [2].  This  assumption  will  agree  also  with 
the  interpretation  of  the  double- humped  structure  of  charge 
dispersion  as  result  of  two  essentially  different  mechanisms  of  the 
formation/education  of  fragments. 

At  present  still  there  is  no  unified  opinion  about  that,  by  the 
means  of  which  mechanism  are  formed  neutron-deficient  fragments 
during  the  interactions  of  protons  with  heavy  nuclei  in  range  T > 1 
GeV.  The  high  value  of  the  excitation  energy  of  such  fragments 
indicates  that  the  process  of  their  f ormation/education  must  be  very 
rapid  and,  apparently,  nonequilibrium.  This  consideration  at  the  same 
time  by  the  fact  that  the  second  fragment,  as  a rule,  very 
light/lung,  allowed  some  authors  (for  example,  see  [2,  22])  to  assume 
as  one  of  the  possible  mechanisms  the  process  cf  fragmentation. 
Another  group  of  the  authors  considers  that  the  neutron-deficient 
fragments  are  formed  as  a result  of  usual,  but  very  deep  nuclear 
disintegration  [11,  44,  100].  in  the  opinion  of  thes?  authors,  in 
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favor  of  this  sochaniss  speaks^  in  particalac,  the  nearness  of  the 


T 


fore  of  nentron-def icient  peak  in  the  dispersive  charge  distribution 

o (Zj) 

^nd  of  the  charge  dispersion  of  nore  light  nuclei  of  the  type  of 
lanthanua,  tantalus  and  gold.  Hhich  of  these  tuo  sechanisss  more 
corresponds  to  reality,  i.e.,  this  they  oust  first  of  all  solve 
further  experisents. 


Fig.  4U1.  The  correlation  of  energy  of  the  resanent/residual  nucleus 
E * and  the  mass  number  of  fission  fragment  Ai  at  the  fixed  value  of 
the  charge  of  this  fragaent  [98];  x are  data  for  the  fragments,  which 
are  formed  during  nuclear  fission  Pb.  All  remaining  narks  are  relatea 
to  nuclear  fission  0.  Energy  of  the  protons,  which  initiate  the 
division  and  the  type  of  nucleus-fragment,  are  shown  in  figure.  For 
convenience  in  the  coapariscn  experimental  points  and  their 
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approxiaating  straight  lines  are  shifted  along  the  axis  of  abscissas 
so  that  they  would  be  one  above  another;  in  this  case  along  the  axis 
of  abscissa  is  plot/deposited  value  — characterizing 

surplus  or  a deficiency/lack  in  the  nuiber  of  neutrons  in  fragnent. 
Nuibers  near  curves  are  a tangent  of  the  angle  of  their 
slope/ inclination. 

Key;  (1).  MeV.  (2).  GeV- 


I. 


fission  under  the  action  of  high-energy  particles  it  is  possible  to 
isolate  two  independent  problems. 

First,  this  - the  calculation  of  probability  or  fission  cross 
section.  Within  the  framework  of  cascade-evaporative  model  the 
division  one  should  consider  as  one  of  possible,  that  compete  with 
others,  channels  by  means  of  which  remanent/residual  nucleus  is 
free/released  from  excitation  energy.  For  the  calculation  of  this 
channel  it  is  necessary  to  know  the  fission  probability  of  nucleus  in 
each  stage  of  evaporative  cascade/stage. 

The  second  task  is  connected  with  the  calculation  of  the 
properties  of  primary  reaction  products,  if  it  is  known  that  occurred 
the  division  of  the  determined  nucleus  ^a)  with  the  assigned 
excitation  energy  It  is  possible  to  expect  that  as  during  the 
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calculation  of  evaporative  cascade/stage,  the  solution  of  this 
problem  does  not  depend  on  that,  with  the  aid  of  which  specific 
mechanism  was  formed  the  decomposing  excited  nucleus. 


In  the  following  paragraphs  let  us  examine,  to  which  degree  the 
contemporary  state  of  theory  makes  it  possible  to  achieve  both  these 
purposes.  First  of  all  let  us  discuss  methods  of  the  calculation  of 
fission  probability 


The  dependence  of  complete  fission  probability  on  the  of 

excitation  and  nature  of  fissionable  nucleus  was  discussed  by  many 
authors  (for  example,  see  [ 10,  38,  39,  117  ],  where  is  given  further 
bibliography);  in  this  case  always  was  assumed  the  possibility  of  the 
statistical  description  of  phenomenon.  Some  authors  examined  the 
process  of  division  by  analogy  with  evaporation  [39].  With  the  aid  of 
the  principle  of  detailed  balance  fission  probability  in  this  case 
can  be  expressed  by  the  section  of  the  reverse  reaction  of  mucous 
membranes. 

Unfortunately,  the  calculation  of  this  section  by  itself 
represents  not  less  complex  task,  but  its  experimental  values  are 
known  only  in  the  range  of  low  energy. 

More  fruitful/successful  turned  out  to  be  the  approach  of  Bohr 


I 


1 

i 
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and  Wheeler  [10],  based  on  the  assumption  that  processes  in  the  still 

nondecomposed  nucleus  - to  the  left  and  near  crest  of  the  potential 

iL 

barrier  (see  Fig.  44/)  - relatively  slow,  and  the  further  process  of 
the  separation  of  fragments,  to  what  corresponds  range  to  the  right 
of  crest  of  the  potential  barrier,  is  rapid.  Fission  probability  in 
this  case  is  considered  proportional  to  the  ratio  of  the  number  of 
permissible  states  in  vertex  to  the  total  number  of  states  of  the 
initial  nucleus  with  excitation  energy  £J: 

j — e)de,  (10.5) 

where  p ♦ - the  density  of  the  levels  of  deformed  nucleus  at  vertex; 
,^is  a barrier  height  of  division  (fission  threshold).  This  expression 
already  considers  averaging  on  spins  and  parities  of  all  states;  by 
the  effect  of  sub- barrier  division  it  is  disregarded. 


\ 

i 


f 
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Fig-  tl42.  Effective  potential  fission  barrier:  is  "apical”  point 

the  point,  at  which  occurs  the  rupture  of  nucleus  to  two  fragments 
and,  correspondingly,  sharply  decreases  potential  of  V;  is  a 

fission  threshold. 


Page  500. 


If  we  now  to  assume  that  the  form  of  the  dependence  of  the 
density  of  levels  from  excitation  energy  in  deformed  nucleus  near 


vertex  approximately  the  same  as  for  the  usual  excited  nucleus,  i.  e. 
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P*  (£5  - - f ) ~ p (BJl  - <?a  - e), 

that,  after  using  discussed  in  chapter  6 expression  (6.56),  fission 
probability  (10.5)  it  is  possible  to  rewrite  in  the  form 


W = i(2  1)  rxp  (£;-<?«))  + 1 

" 4najjcxp  (2  l/uofj) 

4.10^  exp  (2  V oqEh  ’ 


where  Uq  and  are  the  parameters  of  the  density  of  the  levels 
respectively  initial  and  deformed  nuclei  at  vertex.  In  §70  under 
accurately  the  same  assumptions  it  was  obtained  expression  (6.89)  for 
the  probability  of  the  evaporation  of  one  neutron.  Therefore  relative 
fission  probability  or,  in  ether  words,  the  relation  of  dividing  and 
evaporative  widths,  can  be  written  as 


V'n 


h 

r„ 


X pxp  (2  (£J  — Qn)  — 2 ]/ On  (£n  Qn))  i 


(10.7) 


where  a, 


is  the  parameter  of  the  density  of  the  levels  of  the 
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nucleus,  which  reaained  after  neutron  eBission;  ko  — hVSm^R^-,  R — 
nuclear  radius;  Q„  ~ threshold  for  the  evaporation  of  neutron.  From 
this  expression  it  is  evident  that  the  competition  of  the  processes 
of  division  and  evaporation,  especially  with  not  very  high  excitation 
energies  El,  is  determined,  mainly,  by  the  relationship  of  the 
corresponding  thresholds  of  the  reactions  Qa  and  and  of  the 

parameters  and  a„. 

The  fission  thresholds  of  nuclei  Qa  are  partially  measured  on 
experiment;  however,  for  the  majority  of  nuclei  they  are  unknown.  The 
theoretical  calculation  of  these  values  is  independent  and  quite 
complex  task,  connected  with  the  examination  of  the  most 
energetically  favorable  form  of  fissionable  nucleus.  As  a rule,  such 
investigations  are  based  now  on  the  model  cf  drop  of  liquid  [10,  14, 
19,  35,  48,  80,  81  , 109  ].  In  recent  years  in  this  direction  were 
reached  considerable  successes  in  connection  with  the  explanation  of 
the  role,  which  play  the  effects  of  shell  nuclear  structure  [77,  107, 
108].  At  the  same  time  during  calculations  the  fission  probabilities 
of  the  highly  excited  nuclei  fission  thresholds  are  usually 
determined  with  the  aid  of  the  very  rough  approximations  of  the 
dependence  Z^,  obtained  in  this  or  another  version  of 

liquid-drop  model.  So,  very  frequently  the  threshold  is  examined  as 
function  of  two  independent  parameters;  by  constant  y,  that 
characterizes  surface  tension  in  fissionable  nucleus  (y  - 15-20  MeV, 
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see  formula  (6.41))  and  values  with  the  e;jual  to  relation 

coulomb  to  the  doubled  surface  energy  of  nucleus  £„/2£„ob  46— 50  HeV. 

In  this  case 

Qa-=v4'VW,  U0.8) 


where  x ={Z%'A-^!{Zy A and  the  form  of  the  function  f (x)  is 
determined  by  the  concrete/specific/actual  version  of  liquid-drop 
model.  For  example,  in  the  variation  examined  by  Frankel  and 
Metropolis  [ 34  ], 

/ (;c)  - 0 , 728  ( 1 - A)»  - 0 , 66 1 ( 1 ~ 1 3, 330  ( 1 - ;c)^  (10.9) 

a in  Cohen's  work  and  Svyatetskiy  [19] 


f 0,83(1 —a)®,  lyievi  2;3<Ar<l; 
0,38  (3/4 1/3<a-<2/3. 


(10.10) 


True#  in  the  latter  case  are  obtained  the  strongly 
and  in  formula  (10.8)  it  is  necessary  tc  introduce 
equal  to  a difference  in  the  experimental  value  of 

.Mbkch  {A^,  ZJ  mass  M TfOp  (A^,  Zj), 

designed  with  the  aid 


high  values  Qn 
the  correction, 
nuclear  mass 
of  liquid  drop 


model: 
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Qfl  - (''^At  ^a)  ■'^'^TK.ji  (■'^a>  ^a)}‘ 


(10.11) 


Page  581. 

However,  even,  after  the  introduction  of  correction  agreement 

with  experiment  succeeds  in  obtaining  only  for  heavy  nuclei,  with 
Za>90^ 

^ whereas  in  experiments  at  high  energies  T in  essence  occurs  the 
division  of  the  more  light/lung  remanent/residual  nuclei,  the 
probability  of  for mation/education  of  which  after  intranuclear 
cascade  is  sufficiently  great.  The  same  occurs,  also,  during  the  use 
of  formula  (10-9).  As  concerns  parameter  value  of  the  density  of 
levels,  during  high  excitations  with  sufficiently  good  degree  of 
accuracy  it  is  possible,  apparently,  to  assume  = a„. 

In  the  field  of  the  low  and  intermediate  excitations  of  the 
fissionable  nuclei  of  the  information  about  the  relative  value  of 
widths  ryT„  it  is  possible  to  obtain  from  the  measured  on  experiment 
excitation  functions  [40,  52,  53,  83,  118].  In  this  case  it  proves  to 
be  that  for  heavy  nuclei  with  the  charge  number  Z ^ 90  it  is  possible 
with  good  accuracy  to  consider  relation  r^/r„  not  energy-dependent  of 
excitation  El  (up  to  £J  ~ 40  MeV)  [ 40,  53,  83  ] and  to  approximate  it 
by  the  expression 
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_ I jj/1 ■ exp  |0, 313  (a^-- /!.,),  (10.12) 

where  the  constant  depends  only  on  charge  number  2a.  For  nuclei 

with  smaller  value  the  relation  ra/r„  becomes  already  the  function 

of  energy  £*.  If  we  at  the  small  values  of  I attempt  with  the  aid  of 
relationship/ratio  (10.7)  to  reproduce  the  course  of  the  fission 
cross  sect  ion  of  these  nuclei,  then  this  turns  out  to  bo  possible 
only  under  condition  a„.  The  analysis  of  entire  totality  of  known 

now  data  shows  that  aa~1.2an- 


Above,  during  the  discussion  of  the  experimental  data,  we  saw 
that  the  contribution  of  the  processes  of  nuclear  fission  with  small 
excitation  was  essential  even  when  initial  particle  possesses  energy 
several  gigaelectron- volt.  This  it  indicates  the  necessity  of  the 
account  of  the  special  feature/peculiarities  of  the 
relationship/ratio  of  the  dividing  and  evaporative  widths  rg/fn, 
characteristic  for  a low-energy  range,  and  with  very  high  energies  T- 

§105«  Performance  calculation  of  fission  products. 

Adiabatic  and  statistical  approach/approximation.  Let  us  now 


I 

i 
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move  on  to  the  examination  of  the  characteristics  strictly  of  the 
process  of  the  division  of  the  excited  nuclei.  Inasmuch  as  the 
consecutive  theory  of  division  still  not  there  exists  at  present,  for 
us  it  is  necessary  to  use  different  model  presentations. 

Most  widely  known  and  commonly  used  at  present  the  so-called 
adiabatic  and  statistical  approaches,  based  on  diametrically  opposite 
assumptions  about  the  relationship  of  characteristic  time  of  the 
motion  of  intranuclear  particle  T.,a(.T  and  of  the  period  of  collective 
motions  in  nucleus  the  case  TnacT'TKon  < ' corresponds  to  adiabatic 

approach,  in  the  large  (but  too  great)  values  of  relation  T,acT^T^o3 
correctly  statistical  approach/approximaticn 

FOOTNOTE  1.  If  relation  T,,acT/TH..n  very  greatly,  then  the  internal 
motion  of  nucleons  can  be  examined  in  the  apprcach/approxi mation  in 
sudden  disturba nca/per tur bation.  in  more  detail  about  this  see  in 
monograph  [116].  ENDFOOTNOTE. 

A special  case  of  adiabatic  approach  is  the  known  liquid  drop 
model,  with  the  aid  of  which  was  carried  cut  the  first  thorough 
theoretical  studies  of  the  process  of  division  [10,  35,  48,  1161.  The 
further  logical  development  of  this  model  represents  unified  model 
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[8,  9,  96].  However,  both  these  models  are  intended  for  the 
description  of  spontaneous  fission  and  processes  of  the  division  of 
the  excited  nuclei  with  energies  on  the  order  of  several 
mega-elect ronvolt  higher  than  the  fission  threshold;  for  the 
calculation  of  the  division  of  the  highly  excited  nuclei,  which  are 
formed  as  a result  of  intranuclear  cascade,  these  models  are 
unsuitable.  Furthermore,  it  is  possible  to  generally  doubt  the 
legitimacy  of  adiabatic  approach/approximation  for  a fissionable 
nucleus  at  stage  from  the  torque/moment  of  the  passage  of  the  vertex 
point  to  the  torque/moment  of  the  separation  of  fragments  [33]. 


Page  682. 


When  nonadiabatic  processes  become  so  powerful  that  the  energy 
distribution  between  different  degrees  cf  freedom  occurs  fast  enough 
as  compared  with  the  rate  of  nuclear  distortion,  becomes  used 
equilibrium,  statistical  approach/appr cximation.  It  is  possible  to 
expect  that  these  conditions  are  satisfied  with  very  high  excitation 
energies.  The  latter  is  confirmed,  in  particular,  by  the  estimations 
of  Fong  [33],  which  showed  that  the  time,  necessary  for  the 
separation  of  fragments,  exceeds  net  only  characteristic  nuclear  time 
2R/C,  but  also  relaxation  time  (corap.  chapter  6,  page  399)  ; 

therefore,  if  the  state  of  nucleus  at  the  stage  of  the  separation  of 
fragments  is  deflected  from  equilibrium,  equilibrium  by  large 


T 

f 
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! probability  it  can  be  restore/reduced  again. 

As  the  basis  of  the  theory  of  Pong  is  placed  the  assunptiun 
about  the  fact  that  the  properties  of  the  equilibrium  fissionable 
system  are  determined  by  the  number  of  its  possible  quantum  state  at 
the  torque/moment  of  the  separation  of  fragments,  and  the  number  of 
such  states  is  considered  equal  to  the  number  of  possible  states  of 
system  after  division  [31,  32].  Then  the  fission  probability  of 
nucleus  into  two  fragments  with  the  mass  and  charge  numbers,  equal 
respectively  (A*,,  Z'g)  and  (A*2,  Z*2),  and  with  excitation  energy 
F*  j and  E*  2 can  be  written  as 

2;,  /')  = (K'2a=7i'’)/;=p,(£*)p2  (/;•♦)  (10.13) 

where,  as  before,  Pi  (/:;)  - the  density  ot  the  levels  of  the  i fragment; 
p is  momentum/impulse/pulse  of  relative  motion  of  fragments  in  the 
center-of-gravity  system;  V - normalizing  volume.  (Expression  (10.13) 
depends  on  the  parameters  only  of  one  fragment,  since  the  parameters 
of  the  second  are  defined  as  differences;  = and,  etc). 

Energy  distribution  of  fragments.  Let  us  consider  now  that  total 
energy  E,  realized  during  nuclear  fission,  is  composed  of  the 
excitation  energy  of  fissionable  nucleus  El  and  of  the  energy  AM, 
which  frees  because  of  a difference  in  the  masses  of  fissionable 
nucleus  and  nucleus-fragments: 


w 
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£-^Ei  l \ M{A^,Zj^)  — M(A\,Z\)  — M{A[,ZI).’  (10.14) 


This  energy  transfer/converts  to  potential  energy  where^ 

is  Coulomb  energy  of  fragments,  a — - energy  of  their 

strain,  into  the  excitation  energy  of  fragments  E ♦ = E*i  ♦ E* j and 
energy  of  their  relative  motion  e = pV2p  - the  reduced  mass  of 


fragments) . Thus, 


£ = 6'-t  £■*  fe. 


(10.15) 


The  composite  probability  of  fission  yield  with  the  determined 
values  A'l  and  Z'j  is  obtained  by  the  integration  of  expression 
(10.13)  for  all  allowed  values  of  energy  E^i  and  of 
■omentum/impulse/pulse  p (or  energy  e); 


WAA\,  Z\,E-U)^ 

E-U  E-U-e 

:4  K2.^V^(K^'i/2.^A)'  J 1/ede  J p,  (£f)  (£*-£?)  rff?.  (10. 16) 


The  concrete/specific/actual  form  of  the  function  tt'-'a  (^J,  Z[,  £ — U) 
depends  on  the  selection  of  the  energy  dependency  of  the  density  of 
levels  Pi  If  for  this  we  use  expression  (6.56),  then  internal 
integral  easily  is  calculated  by  the  steepest  descent  method: 
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I Pi(fT)f'2(£*-£t)  ^/£T  = 2 


Vn  C* 

(Qj  :'  02)^/‘ 


exp  (2  K (a,  -!  02)  £*) 


(10.17) 


where  Qj  is  the  paraneter  of  the  density  of  the  levels  of  the  i 
residual-nucleus;  E*  = E — U — z.  it  is  possible  to  show  that  the 
Baximum  of  integrand  in  internal  integral  corresponds  to  the  division 
of  energy  E * precisely  such  values  E* , and  E*^,  at  which  the 
fragments  have  equal  temperature  [32]. 


In  order  to  calculate  the  remaining  integral  in  expression 
(10.16),  let  us  replace  into  slowly  changing  pre-exponential  factor 
value  e most  probable,  by  its  "peak"  value  Zp,  which,  as  it  is  easy 
to  be  convinced,  takes  the  form  » 


\ 02)  {E-U) 


(10.18) 


FOOTNOTE  In  statistical  model  the  energy  is  distributed 
proportional  to  the  number  of  possible  states;  therefore  it  is 
possible  to  expect  that  «p « f*.  As  can  be  seen  from 
relationship/ratios  (10.15)  and  (10-18),  this  fact  really/actually 
occurs-  ENDFOOTNOTE. 
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Then  with  an  accuracy  to  unessential  constant  the  probability 


^ t * " s'  V(a,T<jiriC-U)  • J (2  /('ll  + fll)  (£  — t/)).  (10.19) 


Thus,  most  probable  final  states  with  large  values  of  difference 
E — U = El-\-AM  — U,  le  other  conditions  being  egual,  - state  with  a 
minimum  potential  energy  of  U. 

For  the  calculation  of  difference  AM  the  Feng  was  proposed  the 
formula  for  nuclear  masses,  which  includes  shell  correction  [32], 

This  correction  was  found  by  the  empiricism  of  the  comparison  of  the 
calculation  of  the  of  masses  with  the  masses  of  stable  nuclei  in  the 
range  of  fission  fragments  and  it  is  15-25  KeV.  shell  corrections 
render/showed  especially  were  great  in  cases  when  fission  products 
were  close  to  nuclei  with  closed  shells.  This  allowed  Fong  to 
explain,  why  the  asymmetric  nuclear  fission  is  preferred  before  the 
symmetrical. 


It  should  be  noted  that  in  the  calculations  of  Fong  the  density 
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of  the  levels  in  the  range  of  magnetic  nuclei  turned  out  to  be 
strongly  overstated;  therefore  although  for  it  it  was  possible  to 
obtain  a good  agreement  of  the  experimental  and  theoretical  fission 
yield  23*0  under  the  effect  of  thermal  neutrons,  subsequent 
calculations  they  showed  that  thus  it  is  not  possible  to  match  with 
experiment  the  mass  distribution  of  the  fragments,  which  were  being 
formed  during  division  by  the  thermal  neutrons  of  nuclei  23*Pu;  in 
this  case  instead  of  that  observed  in  the  experiment  two-peaked 
distribution  is  obtained  four-peaked  distribution  [92].  The 
overestimate  of  density  levels  in  near-magic  range  is  connected  with 
the  roughness  of  the  mass  formula  of  Fong  and  used  by  it  shell 
correction  2. 


FOOTNOTE  Host  used  by  Fong  name  "shell  correction"  seems  very 
unsuccessful,  inasmuch  as  the  non-monotonies,  caused  really/actually 
shells,  comprise  a total  of  several  million  electron  volts. 
ENDPOOTNOTE. 


Is  more  precise  - the  formula  of  the  masses  of  nuclei  (6.80), 
proposed  by  cameron  pump  [16].  Even  without  taking  into  account  of 
corrections  for  intranuclear  shells  and  the  effect  of  pairing  this 
formula  gives  considerably  better/best  results,  than  the  formula  of 
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Fong.  After  preserving  in  formula  (6.80)  only  those  terms  which  are 
essential  for  the  process  of  division,  we  will  obtain  (all  constants 
are  expressed  in  million  electron  volts); 


M (/I,  Z)  = 31 ,45  (/I  - 2ZfjA  f 25,84>l-/^  (1-1 - 
-44,24  (^-2Z)M-‘/^l  - 1,24M-^®)  + 0,779  (ZV/l’'^)  [1  -(1,58/Zl'^^)-  l/Z). 

(10.20) 


Designed  with  the  aid  of  (10.20)  value  AM  are  shown  in  Fig.  443. 


M'hSd'iS')' 


1,0  1,1  U 1,3  7,4  2Ai/Ag 


Fig,  443.  Energy,  which  is  isolated  during  division  because  of  a 
difference  in  the  masses  of  the  initial  nucleus  and  nucleus-fragments 
during  the  most  probable  distribution  of  their  charges.  Curves  are 
designed  by  formula  (10.20)  for  three  different  nuclei. 


Key:  (1).  MeV, 


Page  584. 


Surface  strain  of  fragments.  Until  now,  we  remained  witnin  the 
framework  of  purely  statistical  reasonings.  However,  the  value  of 
potential  energy  of  the  fissionable  nucleus  U depends  on  nuclear 
shape  at  the  torgue/moment  of  its  separation  into  two  fragments.  It 
is  understandable  that  for  determining  this  form  already  insufficient 
only  coamon/genera 1/total  statistical  considerations  and  we  must  draw 
supplementary  model  presentations. 

i 

> 

I In  the  works  of  Fong  it  was  assumed  that  at  the  torgue/moment  of 

I separation  the  nuclear  shape  coincides  with  the  form  of  two 

concerning  deformed  fragments.  If  we  the  form  of  each  of  such 
fragments  describe  by  expression  » 

/?i  (0)  = y?o,- [1 a^icTjCcosO) -l- o!3,cJ'3  (cosO)J,  (10.21) 

where  are  radii  of  the  undeformed  fragments,  a are  Legendre's 

I 

usual  polynomials,  then,  being  based  on  liguid  drop  model,  the  strain 
energy  of  fragments  and  their  mutual  Coulomb  energy  can  be 

' expressed  by  the  parameters  of  strain  ««(• 

[ 

I 

FOOTNOTE  In  the  work  of  Fong  [32]  there  is  no  term  with  'tn,  which 
substantially  affects  the  form  of  fissionable  nucleus  (for  example. 
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see  [93,  114]).  This  question  becomes  especially  important  in  the 
examination  of  low-energy  division,  ENDFOOTNOTE. 


Respectively  fission  probability  W (A\,  Z\,  E — also  will  depend  on 
these  parameters. 


It  is  possible  to  show  that  if  we  are  restricted  only  to  linear 
and  quadratic  terms,  then  the  strain  energy  of  fragment  will  take  the 
form 


— (0,4£j noB  0,2£j  Kj-.i)  o.2i  4-  (0,714£f uoB  — 0,204£?,,y,,)  ajj  0 (ant),  [(10.22) 


where  £i*ijoB  = 17,0  (/i;)^/®  HeV  and  £?„,„  -^  0,71  (Z;)V(/li)’/®  MeV  - with  respect 
to  surface  and  coulomb  energy  of  the  undeformed  nuclei  (numerical 
values  of  constants  are  taken  for  the  case  7?oi  = 1,3  (/i;)>/®  10 cm.  [92]). 


Coulomb  energy  and  form  of  fissionable  nucleus.  Coulomb  energy 
of  fragments  let  us  write  in  the  form  [32] 

+ (10.23) 

where  S - distance  between  centers  of  the  distributions  of  the 
electric  charges  of  the  deformed  fragments  (change  in  the  distance 
between  centers  of  charge  distribution,  caused  by  the  divergence  of 
the  form  of  fragments  from  the  spherical,  AR  = S-  [Rqi  Rozl)  [32]. 
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Relations  (Roi/S)  weakly  depend  on  the  parameters  «„/,  and  them 
it  is  possible  to  consider  constants. 

y 

0,8 

0,1, 

0,2 

0 

Fig.  444.  Designed  form  of  nucleus-fragments  in  plane  (x,  y) . Is 
examined  the  case,  when  the  ratio  of  coulomb  energy  to  surface 
£iKy.V^oDo»  — '-^i^the  results  of  the  calculations  according  to  formula 
(10.21),  2 are  the  calculation  of  Pik-Pickak  and  Strutinskiy  taking 
into  account  15  polynomials  in  expression  (10.21)  [93]. 


j 


Page  585. 


The  numerical  values  of  these  relations  are  found  by  the  method 
successive  approximation  in  the  vicinity  of  the  most  probable  values<3C 
which,  in  turn,  are  determined  from  the  condition  of  the  minimum  of 


dU  d 

da,'Z  * ~ da,nn  (“‘<')  -^2  (ani)!  ^ 


(n=  1,  2;  /n  = 2,  3).  (10.24) 


This  reduces  us  tD  the  system  of  four  equations  with  four  unknowns 
whose  solution  gives  the  parameters  a„i. 


With  the  aid  of  the  obtained  thus  values  and  expression 

(10.21)  is  determined  the  corresponding  value  of  distance  S.  After 
substituting  this  value  of  S and  value  of  the  parameters  a„i  into 
expression  for  coulomb  energy  (10.23),  we  will  obtain  a corrected 
system  of  equations  (10,24)  whose  solution  gives  the  more  precise 
parameters  a,;i,  and,  etc. 


Figure  444  shows  a typical  example  of  the  form  of  fission 
fragment,  determined  by  method  of  successive  approach/approximations. 

It  should  be  noted  that  calculated  by  the  method  indicated  the 
form  of  fragments  is  close  to  that,  which  is  obtained  during  more 
precise  calculations  taking  into  account  in  expansion  (10.21)  of 
Legendre's  polynomials  to  15th  order  inclusively  (see  dotted  curve  in 
Fig.  444). 


Figure  445  and  446  in  an  example  cf  most  probable  surface 
configuration  shows,  as  depends  on  the  mass  of  fragment  energy  of  its 
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strain  and  energy  cculomb  the  interaction  ot  two  fragments.  We  see 
that  the  energy  of  strain  :x<  = {-3^2  weakly  it  changes  with  the 

change  of  the  mass  of  fragment,  remaining  equal  approximately  ~20  to 
HeV.  Coulomb  energy  although  does  not  detect  "failure"  in  the  range 
of  asymmetric  fission  (but  this,  as  already  mentioned  above,  it  is 
the  solidly  establ ished/installedexper imental  fact  for  small 
excitation  energies),  it  has  the  correct  average  values,  which  agree 
themselves  with  empirical  relationship/ratics  (10.4). 


Hass  distribution  and  charges  of  fission  fragments.  With  the  aid 
of  equations  (10.24)  the  parameters  of  strain  a,,i  it  is  possible  to 
express  through  any  one  of  them,  a,  which,  according  to 
relationship/ratio  (10.23)  is  located  in  one-to-one  conformity  with 
coulomb  energy 


n\ 
10 
3' 


Pu 


20Sgi 


206, 


BL 


1,0 


V 


1,Z 


1,3 


2A’/A. 


Fig.  445.  Dependence  of  the  strain  energy  ot  the  fragments,  which  are 
formed  during  nuclear  fission  Ei  and  Pu  from  their  mass.  Curves  are 
designed  by  formula  (10.22). 


Key:  (1).  fleV- 


Fig.  446.  Dependence  of  coulomb  interaction  energy  of  the  fragments, 
which  are  formed  during  nuclear  fission  Bi,  and  Pu  on  their  mass. 
Curves  are  designed  by  formula  (10-23). 


Key:  (1).  HeV. 

Page  586. 

If  probability  (10.19)  is  expanded  now  near  the  value  (F.  — U)p,  which 
corresponds  to  the  most  probable  surface  configuration  of  fission 
fragments,  in  a series  in  the  degrees  of  deviation  from  this 
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CO nf iqurat ion  6a,  then,  after  expressing  6a  by  the  appropriate  change 
in  the  coulomb  energy  6£„  t»€  will  obtain  value 

distribution  of  Coulomb  energy  of  the  fragments: 

N (A\,  2;)~cxp[-(6£k/£„)2),  (10.25) 


where 


Ci2  - proportionality  factor  before  term  Z'iZ*2  in  formula  (10.23), 
taken  for  a most  probable  configuration. 


By  integrating  distribution  (10,25)  according  to  variaole  6£„, 
let  us  present  probability  (10-19)  in  the  form  i 


"<  ['  V(an  V{a,TaI{E~U);,).  (10.26) 


6£k 

FOOTNOTE  ».  The  rapid  decrease  of  integrand  (10.25)  with  an  increaseA 
makes  it  possible  to  expand  integration  limits  to  (— , ») . since  all 
the  calculations  we  concuct  with  accuracy  to  constant  factor,  as  the 
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estimation  of  intayral  it  is  possible  to  take  the  product  of  the 
dispersion  of  integrand  by  the  value  cf  function  in  maximum. 
ENEFOOTNOTE. 


This  expression  actually  is  the  function  only  of  values  A* j and  Z* i- 


If  we  now  at  the  fixed  value  A'j  expand  probability  (10.26)  in  a 
series  in  the  degrees  of  deviation  of  charge  Z’l  from  its  most 
probable  value  6Z;  = | Z|  — |,  then  we  will  obtain  the  distribution  of 

fission  fragments  according  to  magnitude  of  the  charge,  after 
integrating  which,  let  us  pass  to  the  mass  distribution  of  fragments. 


hjost  probable  charge  Z]p  finds  from  the  condition  of  tl 
maximum  of  the  difference 

(£ - U)p  ^ El  + M {A^,  ZJ  Z\)  - M Z;)  - C„Z;Z;  - 3)j,. 


Strain  energy  3ip^S>ip^-22p  weakly  depends  on  charge  distribution  and 
this  terra  can  be  disregarded-  Then  it  is  not  difficult  to  ascertain 


that 


7\  = 

/-l  + /.2-C,2  > '^2p=Za  — Z,p, 


where 


i ; 
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a the  second  index  of  difference  (E-U)  means  that  this  difference  is 
taken  with  the  most  probable  configuration  of  fragments  and  for  the 
most  probable  value  of  their  electric  charge. 


After  integrating  finally  distribution  (10.27)  according  to 
variable  6Z*i,  we  will  obtain  the  complete  fission  probability  of 
nucleus  into  fragments  with  mass  numbers  A'j  and  v4' = — A\: 


DOC 
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"■'a  (■•li , (£  - U)„^)  _ j,.v2 1/  _ r 

, r II  ‘-t+Lt  — CiiV  (flj  j aj)6  X 

(£__^j2  fj— — ^ I - 

V(«7Fa:)  (£— f7)  J ^ (“'  7 ^2)  {E~U) 


(10.28) 


Page  587. 

Relationship/ratios  (10.  19),  (10.  25)  - ( 10.28)  determine  all  the 

fundamental  characteristics  of  primary  fission  fragments.  The  further 
behavior  of  the  excited  fragments  can  be  examined  within  the 
framework  of  the  model  of  evaporation  (or  in  explosive  model  in  the 
case  of  light/lung  fragments  and  large  energy  of  excitation,  see 
chapter  6).  It  remains  to  only  add,  that  within  the  framework  cf 
statistical  model  the  excitation  energy  E*  is  distributed 
proportional  to  the  number  of  degrees  of  freedom,  i. e. , it  is 
proportional  to  value  A'i.  Into  the  complete  excitation  energy  of  the 
i fragment  gives  load  also  the  strain  energy  .21,;  kinetic  energy  of 
fissionable  nucleus  e,  which  is  distributed  between  fragments 
inversely  proportional  to  their  masses  (i.e.  ~IMi').  together  with 
coulomb  repulsive  energy  £„  it  determines  kinetic  energy  of  fission 
fragments  S' i- 
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during  calculations  it  is  possible  with  gccd  accuracy  to  count 
that  in  the  center-of- gravity  system  the  fragments  fly  away 
isotropically. 


Other  approaches  on  the  calculation  c£  the  process  of  division. 
Possibility  to  obtain  numerical  estimations  for  all  oasic  values, 
which  characterize  division,  in  conjunction  with  simplicity  of 
approach  was  the  reason  for  the  popularity  of  statistical  model  Fong. 
In  following  were  undertaken  the  numerous  attempts  to  improve  this 
model.  The  majority  of  these  attempts  ccncetns  low-energy  division 
and  is  devoted,  mainly,  to  the  explanation  of  asymmetry  in 
characteristic  distributions  of  fission  products. 


Newton  within  the  framework  of  the  formal  theory  of  the  nuclear 
reactions  of  Wigner  considered  the  effect  of  coulomb  barrier  on  the 
probability  of  one  method  or  the  other  of  division  [79].  The  starting 
point  of  its  theory  is  the  formula  of  the  width  of  the  channel  of 
division  into  two  fragments 


ym;,  2;,  p) 


Vo  ('^ll  ^>1  ^(1>  P) 


(10.29) 


where  smallest 

fragments  on  which 


distance  between  centers  of  the  inertia  nuclear 
these  fragments  already  they  can  be  considered  as 
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separate  nuclei;  ro  - the  given  width  of  channel;  £?,  - complete 

internal  energy  of  fragment,  equal  to  the  sum  of  the  excitation 
energy  E*|  and  of  strain  energy  3j\\  ^ k and  - the  known  regular 
and  irregular  function  of  coulomb  potential  [76]-  A probability  of 
the  defined  fission  mode  now  will  be  written  as 

dW  (A[,  z;,  £[.,  P)  = {V/2n^h^)  {A\,  Z\,  £,*„  p)  X 

X p (£?,) P2 (£ - U-E^- £[.)  d£r. dp,  (10.30) 

that  only  in  terms  of  factor  y it  differs  from  basic  formula  (10.13). 
In  this  case,  just  as  in  the  theory  of  Fong,  the  number  of  channels 
is  identified  with  the  number  of  possible  states  of  nucleus  right 
after  its  division,  the  only  value  is  replaced  by  total  energy  £*i- 

after  assuming  further  values  and  by  constants  and 

utilizing  for  a density  somewhat  more  exact  expression,  than  in  the 
theory  of  Fong,  Newton  showed  that  its  theory  in  state  to  explain 
some  (but  by  no  means  everything)  properties  of  low-energy  division- 

One  must  not  fail  to  note  that  in  comparison  with  the  hypothesis 
of  Fong  about  the  statistical  equilibrium  of  the  fissionable  system 
the  assumption  about  the  constant  given  width  is  represented  by 
considerably  less  demonstrative- 

Further  development  Newton’s  theory  received  in  the  work  of 
Cameron  pump  [17],  where  was  additionally  assumed  the  dependence  of 
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distance  /?«„«  from  the  type  of  the  channel  of  division.  Value  in 
this  case  was  selected  in  the  form  of  siu  Rum— !-  x (£ — U — 
where  the  first  term  depends  on  the  mass  ratio  cf  fission  fragments, 
and  the  second  considers  the  expansion  cf  nucleus  with  an  increase  of 
energy  of  its  excitation.  The  values  of  parameters  Rq  and  x were 
selected  from  the  condition  that  the  mass  distribution  of  fission 
fragments,  kinetic  energy  and  their  other  characteristics  would  agree 
with  those  observed  in  experiment. 

In  the  work  of  cameron  pump  was  confirmed  Newton's  conclusion 
about  the  fact  that  the  statistical  approach/approxiraation  by  itself 
insufficiently  for  the  complete  description  of  the  process  of 
division,  and  at  the  same  time  was  again  emphasized  that  this 
approach/approximation,  nevertheless,  can  serve  as  a good  basis  for 
the  understanding  of  the  basic  laws  governing  the  process  of 
division. 

Page  588. 

To  the  variations  in  parameter  Rq,  which  empirically  obtained 
the  cameron  pump,  was  given  the  physical  substantiation  in  the  works 
cf  Brunner  and  Paul  [13]  with  the  aid  of  collective  model  of  nucleus. 
It  turned  out  to  be  possible  to  explain  these  variations  and 
guantitati vely,  if  one  takes  into  account,  that  even  after 


the  ir 
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separation  the  fragoents  continue  to  interact  with  each  other  by  the 
Beans  of  nuclear  forces,  by  result  of  which  is  the  change  of  the 
value  of  potential  threshold  in  Newton's  nodel:  to  the  couloab  part 
of  the  interaction  is  added  the  term,  which  describes  the  action  of 
nuclear  forces.  This  term  can  be  interpreted  as  effect,  caused  by  the 
forBation  of  the  nucleon  shells  of  future  fragments. 


To  the  semi-empirical  account  of  the  effect  of  the  nuclear 
shells  on  of  asymmetry  of  division  with  small  excitation  energies 
within  the  framework  of  the  simplified  statistical  approach  are 
dedicated  also  the  works  of  Newson  and  Stavinskiy  [78,  103  ].  The 
first  of  these  authors  utilized  for  the  calculation  of  the  density  of 
the  levels  the  proposed  to  them  new  method  of  the  account  of  shell 
effects  in  the  excited  nucleus;  as  the  basis  of  the  calculations  of 
Stavinskiy  was  placed  experimental  curve  to  the  dependence  of  the 
parameter  of  the  dersity  of  levels  from  mass  number  A. 


One  should  also  note  the  week  of  Erba,  etc-  [29],  where  within 
the  framework  of  statistical  approach  by  Ericson's  method  [30] 
examined  fission  of  heavy  nuclei  neutrens,  deuterons  and  by 
o-particles  and  for  a series  of  characteristics  ‘ was  obtained  fair 
agreement  with  experiment. 


w 
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FOOTNOTE  >.  Work  [55]  shows  that  within  the  Ecanework  of  the 
statistical  approach,  developed  Erikrcn  and  with  Erb  with  co-authors 
[29,  30],  it  is  possible  to  obtain  a good  agreement  with  experiment 
for  mass  distributions  and  according  to  the  average  kinetic  energy  of 
fragments;  however  in  this  case  it  is  impossible  to  match  the 
theoretical  and  experimental  dependence  of  the  dispersion  of  kinetic 
energy  of  fragment  on  its  mass  number,  ENDFCOTNCTE. 


In  summary  the  statistical  theory  of  division  in  its 
contemporary  state  makes  it  possible  to  consider  the  nonad iaba ticity 
of  process,  gives  the  evaluations  of  its  all  fundamental 
characteristics,  it  can  be  utilised  as  basis  for  a semi-empirical 
approach  to  the  guantitative  description  of  division  finally  is  at 
the  present  time,  in  essence,  the  only  theory,  which  makes  it 
possible  to  calculate  the  division  of  highly  excited  nuclei. 


§106.  Comparison  of  the  results  of  the  calculation  with  experiment. 


A series  of  the  common/general/total  laws  governing  the  process 
of  nuclear  fission  by  high-energy  particles  can  be  qualitatively 
understood  already  on  the  basis  of  those  results  of  the  cascade 
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evaporation  calculations,  which  were  given  in  the  preceding/previous 
chapters.  So,  a decrease  in  the  fission  cress  section  Oj  with  high 
energies  it  is  possible  to  explain  themes  that  due  to  knocking  out  of 
the  large  numbe*  of  nucleons  in  the  course  of  intranuclear  cascade 
are  formed  ever  more  light/lung  remanent/residual  nuclei  and, 
therefore,  substantially  grow/rises  the  fission  threshold-  With 
relatively  low  energy  this  T is  compensated  for  by  the  appropriate 
increase  in  the  excitation  energy  of  remanent/residual  nucleus,  but 
with  T > 1 GeV  the  effect  of  an  increase  in  the  fission  threshold 
becomes  ever  more  prevailing  and,  if  we  remain  within  the  framework 
of  the  usual  cascade  model,  described  in  chapter  4 and  5,  then  it 
should  be  expected  that  with  T >>  1 GeV  the  nuclear  fission  generally 
becomes  extremely  rare  occurrence  (ct.,-'-0).  in  actuality,  the  observed 
in  experiment  number  of  chase/dislodged  from  nucleus  nucleons  and 
excitation  energy  E * with  T > 5 GeV  become  virtually  constants; 
therefore  it  is  possible  to  think  that  the  dependence  (t„  (T)  with  T » 

1 GeV  will  be  smoother  than  with  smaller  energies.  By  this  is 
explained  a weak  change  in  the  mass  distributions  of  fragments  and 
their  charge  dispersion  during  T > 5 GeV, 


The  observed  in  experiment  increase  in  the  output/yield  of 

neutron-deficient  fragments  also  becomes  clear,  if  we  recall  that  the 
value  of  fission  threshold  correlates  from  value  of  ratio  Z^/A ; 
therefore  in  high-energy  range  T are  more  subjected  to  division  those 


TO  quantitative  comparison  with  the  experiiient  of  the 
calculations  of  the  nuclear  fission,  initiated  high-energy  particles, 
is  dedicated  already  is  sufficient  many  works  (see,  in  particular, 
[4-6,  28,  49,  63,  69,  70,  72,  84,  87,  1 13,  114,  1 18]).  Unfortunately, 
in  these  works  were  utilized  the  diverse  variants  of 
cascade-evaporative  model;  therefore  their  results  sufficiently 
difficult  to  compare;  furthermore,  in  many  works  the  comparison  with 
experiment  is  carried  out  only  according  to  the  very  small  number  of 
characteristics,  which  were  connected  mainly  frcm  the  process  of 
competition  of  division  and  corpuscular  emission. 


In  the  work  of  Lindner  and  Turkevich  [72]  with  experiment  they 
compared  the  results  of  the  calculations,  based  on  four  different 
assumptions  about  the  properties  of  the  relative  probability  of  the 
processes  of  division  and  evaporation; 


1)  probability  depends  little  more  than  on  the  mass  and 

charge  numbers  of  fissionable  nucleus  and  does  not  depend  on  energy 
of  its  excitation; 
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2)  value  does  not  depend  on  excitation  energy  only 

during  small  excitations,  let  us  say,  with  E * < 20  MeV,  but  for  high 
excitations  0;  in  ether  words,  the  competition  of  the  processes 

of  division  and  evaporation  occurs  only  at  the  last/latter  stage  of 
the  evaporation,  when  nucleus  sufficiently  "it  will  be  cooled"; 


3)  probability  U^a/U7„  does  not  depend  on  excitation  energy,  if 
F • < 40  MeV,  but  with  high  energies  Wn  (ihe  so-called 

"high-energy  division"  - the  case,  opposite  preceding/previous); 


4)  the  relative  probability  UVU^n  is  determined  by  expression 
(10.7)  with  the  parameter  of  the  density  of  levels 


fhe  comparison  with  the  results  of  the  measurements  of  the 
output/yield  of  the  products  of  the  nuclear  disintegration  of  uranium 
and  thorium  340-  MeV  by  protons  showed  that  a more  preferably  third 
of  the  enumerated  above  assumptions,  although  a good  quantitative 
agreement  with  experiment  could  not  obtain  also  in  this  case. 


The  calculation  of  the  interactions  of  protons  with  the  nuclei 
cf  uranium  with  T = 1 and  2 GeV,  carried  out  by  Beytoraby  Poskantser 
with  the  same  suppositions  as  in  work  [72],  it  gave  the  strongly 
decreased  value  of  the  output/yield  of  the  isotopes  of  uranium  and 
protactinium;  true,  the  dependence  of  section  on  excitation  energy 
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furtheraore  better  is  transferred  by  the  third  cf  enumerated  above 
assumptions  [87], 

It  should  be  noted  that  in  both  works  [ 72,  87  ] was  utilized  the 
model  of  intranuclear  cascade  with  the  sharp  boundary  of  nucleus  and 
the  very  simplified  examination  of  the  processes  of  meson  formation 
[75];  in  range  1 GeV  the  latter  can  lead  tc  very  considerable 

errors.  Another  reason,  on  the  strength  of  which  to  the  conclusions 
of  the  works  [72,  87]  one  should  be  related  with  large  precaution, 
consists  in  the  fact  that  these  conclusions  are  based  on  comparison 
with  experiment  only  the  small  number  cf  data  (specifically, 
point/item  4 in  the  work  of  Lindner  and  Turkevich  it  was  checked  only 
for  two  isotopes,  and  . 

The  detailed  investigation  of  the  fourth  of  the  assumptions 
indicated  about  the  properties  of  relative  probability  W/j/W-',,  was 
carried  out  in  our  works  [4,  5,  113,  114].  In  these  works  with 
experiment  were  compared  the  results  of  the  calculations  for  the  wide 
energy  range  T = 100-700  MeV;  in  this  case  were  examined  not  only  the 
data  on  fission  probability,  but  also  a series  of  other 
characteristics  of  this  process- 

The  calculated  fission  cross  sccticns  cf  the  nuclei  of  uranium 
turned  out  to  be  very  close  to  experimental;  in  the  range  of  energies 


t 


T = 150-400  MeV  section  is  approximately  1.4  barn;  at  a further 

increase  in  the  energy  value  decreases  and  it  reaches  1,2  barn 

with  T = 660  MeV  (these  values  are  obtained  with  the  parameter  of  the 
density  of  levels  a = A/20  MeV  ; an  increase  in  this  parameter  twice 
leads  to  10-15o/o-mu  to  an  increase  in  value  uj. 


Good  the  agreement  of  experimental  and  thecretical  sections 
occurs  also  for  the  interactions  of  protons  with  the  nuclei  of  lead' 


FOOTNOTE  Cascade  calculations  in  works  [4,  5]  are  executed  in 

approximation  of  the  sharp  edge  of  nucleus.  During  calculations  were 
not  considered  also  the  processes  of  meson  formation;  in  the  range  of 
energies  T < 700  MeV  this  justified  [by  112],  ENDFOOTNOTE. 

Page  590. 

i 

Data  on  the  distributions  of  fission  products  and  the 
accompanying  particles  are  given  in  Table  141  and  in  Fig.  447  and 
448.  As  is  evident,  the  calculated  and  experimental  numbers  very 
close  to  each  other. 
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In  works  [4,  5,  113,  114]  are  designed  also  the  yield  cross 
sections  of  different  isotopes,  which  are  formed  during  irradiation 
of  the  nuclei  of  uranium  23«U  by  protons  with  energy  T = 340  MeV.  For 
the  output/yield  of  the  isotopes  of  neptunium  in  this  case  is 
obtained  correct  dependence  on  their  mass  number;  however,  the 
absolute  values  of  sections  render/showed  approximately  double  more 
than  observed  in  experiment. 


Correct  dependence  on  mass  number  detects  the  calculated 
cutput/yield  of  the  isotopes  of  uranium,  although  the  absolute  values 
in  this  case  almost  by  an  order  exceed  experimental; 

exception/elimination  are  only  isotopes  with  the  mass  numbers,  close 
to  artificial  satellite  to  one  mass  number  A = 238,  the  section  of 
formation/education  of  which  rapidly  it  decreases  and  it  proves  to  be 
even  lower  experimental  values.  When  evaluating  these  data  it  is 
necessary  to  keep  in  mind  that  the  experimental  sections,  with  which 
are  compared  the  results  of  the  calculations,  are  substantially 
understated.  This  is  evident  already  from  the  fact  that  the  total 
cross  section  of  splitting/fission  composes  0-28  barns,  i. e. , is  much 
less  than  the  difference  Ujn  — Oj ~ (0,4 -0,-15)  barn.  Furthermore,  the 
output/yield  of  the  isotopes  of  uranium  strongly  manifests  itself  the 
contribution  of  guasi-free  proton  scattering,  that  it  was  not  taken 
into  account  in  cascade  calculations  [4,  112,  113], 
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Table  141.  The  charged  particles,  which  are  forired  during  the 
interaction  of  protons  with  the  nuclei  of  uranium  (n  is  the 

average  nuirber  of  particles  - protons  and  a-particles;  N ( 0)  - the 
nuBber  of  particles,  which  escape  at  an  angle  G). 
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Key:  (1).  All  charged  particles.  (2).  Charged  particles  s.  (3).  He  V, 


(4).  Theories-  (5).  Experiment. 
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Fig.  U47.  Energy  distribution  of  protons  and  a-particles,  which 
accompany  nuclear  fission  under  the  action  of  protons  660  HeV  in 

energy.  (Dotted  line  is  the  experimental  data  from  work  [57]). 


Key:  (1).  MeV. 


Page  591. 

Although  in  comparison  with  the  total  cross  section  of  inelastic 
interaction  the  portion  of  guasi-tree  scattering  is  small,  its 
contribution  to  the  output/yield  of  the  isotopes  of  uranium  can  be 
considerable,  since  after  guasi-free  scattering  nucleus  remains  with 
small  excitation  energy,  and  therefore  within  the  framework  of  tne 
assumption  in  question  about  the  value  cf  relation  the 

fission  probability  of  this  nucleus  is  small. 

Figure  449  shows  the  yield  cross  sections  cf  other  fission 
products  of  nucleus  _ the  isotopes  of  protactinium,  thorium  and 

actinium.  These  sections  better  will  agree  with  experiment  how  this 
was  in  calculations  [72].  A decrease  in  the  yield  cross  sections  of 
the  isotopes  of  protactinium  in  the  range  of  the  mass  numbers,  close 
to  initial  A = 238,  apparently,  is  also  caused  by  the  effect  of  the 
peripheral  collisions- 
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Fig-  448.  Distribution  of  the  cases  of  nuclear  fission  23*0  by 
protons  with  an  energy  of  T according  to  the  number  of  accompanying 
charged  particles  n:  1 - the  calculation  for  case  of  a = A/20  HeV'* 

2 - the  calculation  for  case  of  a = A/10  MeV-i;  experimental  points  - 

ijxAy  D>''7U. 

e l/ 
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(experimental  points  from  work  [71]). 

Key;  ( 1)  . mb- 


Page  592. 


Figure  433  gives  the  results  of  the  calculation  of  the  energy 
dependency  of  the  output/yield  of  the  isotopes  cf  cesium  during 
nuclear  fission  ?38U.  All  the  curves  are  calibrated  to  the  value  of 
output/yield  i^^Cs  at  T = 340  MeV-  As  is  evident,  the  calculation 
correctly  transfers  the  common/general/total  behavior  of  excitation 
functions  and  relationship/ratio  between  the  yield  cross  sections  of 
separate  isotopes.  At  the  same  time  the  calculated  absolute  values 
approximately  are  twice  as  lower  than  experimental. 

Prom  the  data  of  Table  142,  where  the  corrected  values  of  the 
average  excitation  energy  of  remanent/residual  nuclei,  the  calculated 
with  consideration  of  competitions  of  the  processes  of  division  and 
evaporation,  one  can  see  well  that  to  division  are  subjected  the 
nuclei,  which  have  on  the  average  high  excitation  energy.  This  is 
correct  even  when  division  precedes  the  emission  of  several 
evaporative  neutrons. 
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The  distribution  of  dividing  events  according  to  the  value  of 
energy  £j  is  shown  in  Fig.  450. 

It  should  be  noted  that  the  value  of  the  excitation  energy  of 
fissionable  nuclei  EJ  is  sufficiently  sensitive  to  parameter  value 
cf  the  density  of  levels.  For  example,  if  we  select  a = A/20,  then 
the  average  fission  energy  of  the  more  light  nucleus  of  lead  proves 
to  be  considerably  larger  than  for  a nucleus  23*0,  at  the  same  time 
with  a = A/10  for  both  these  nuclei  are  obtained  the  comparable 

values 

Figure  451  shows  that  the  theoretical  fission  yield  will  agree 
rather  well  with  the  results  of  the  measurements;  in  this  case  the 
coincidence  with  the  experiment  of  the  position  of  the  maximum  of 
theoretical  histogram  indicates  that  the  number  of  escaping  during 
division  nucleons  theory  also  predicts  correctly. 
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Table  142,  Excitation  energy  of  the  remanent/residual  nuclei,  which 
are  formed  in  reactions  p ♦ with  the  different  energies  T (E  * 

the  average  excitation  energy  of  the  nuclei,  which  remained  after 
intranuclear  cascade,  and  fj,  are  the  corresponding  medium 

energies  for  events  without  division  and  for  events  with  division). 
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Key:  (1)  MeV.  (2^  without  division.  (3)^wlth  division. 
(4)  experiment. 


Fig,  450.  The  energy  distribution  of  excitation  of  the  fissionable 
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renianent/residual  nuclei,  formed  as  a result  of  the  interactions  of 
protons  with  nuclei  with  energy  T (curves  are  designed  for 

parameter  A = A/20  HeV->). 


Key:  (1).  MeV. 

Page  593. 

A abrupt/steeper  decrease  in  the  calculated  curve  in  the  range  of 
asymmetric  fission  in  essence  is  connected  with  by  the  utilized 
during  calculations  simplifications:  the  evaporative  casca de/stage 
whose  results  they  served  as  the  initial  infor iration,  it  was 
calculated  for  certain  medium  nucleus  with  the  average  excitation 
spectrum.  Reducing  of  machine  count  time,  this  simplification  it 
leads  at  the  same  time  to  certain  ''compression"  of  theoretical 
histogram  in  Fig.  451.  Furthermore,  it  must  be  noted  that  the 
calculated  histogram  is  calibrated  to  theoretical  section  Un  = 1,4 
barn,  well  agreeing  itself  with  the  average  experimental  data(see 
Fig.  428);  however  in  work  [106],  whence  are  taken  the  experimental 
points,  given  in  Fig.  by  451,  for  a fission  cross  section  obtained 
overstated  value  aa=l,59  barn.  The  corresponding  renormalization  of 
theoretical  histogram  noticeably  improves  agreement  with  experimental 
curve. 


|L 
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If  the  comparison  of  the  experimental  and  theoretical  numbers  of 
the  emitted  charged  particles  furnishes  information  on,  in  essence, 
about  intranuclear  cascade  and  the  process  of  evaporation,  which 
competes  with  division,  then  the  comparison  of  data  on  neutron  yield 
makes  it  possible  to  judge  the  correctness  of  the  calculation  of  the 
very  process  of  division. 


Pig.  451.  Fission  yield  of  nucleus  by  protons  340  MeV  in  energy;  ^ 

i 

1 - the  calculation  by  the  method  of  Monte  Carle  [4;  5];  2 - the  \ 

i 

\ 
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approximation  of  the  experinental  points  frcm  work  [106];  3 - 
experimental  curve,  obtained  by  mirror  reflection  relative  to  the 
"apparent”  line  of  symmetry;  x - the  experimental  points  reflected. 


Key;  (1).  mb. 


Table  143.  Average  number  of  being  born  neutrons  taking  into  account 
one  event/report  of  inelastic  interaction. 
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Key;  (1).  Interaction.  (2).  MeV.  (3).  Theories.  (4).  Experiment. 
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Such  data  for  nuclei  and  zo’pb  are  given  in  Fig.  452  and  in 
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Table  1U3.  Agreement  of  experiment  and  theory  sufficiently  good. 
Certain  understating  of  computed  values  in  Table  143  in  comparison 
with  experiment,  apparently,  is  connected,  mainly,  with  inaccuracies 
in  processing  the  results  cf  measurements  in  work  [20].  (Measurements 
in  this  work  are  carried  out  for  thick  targets,  and  then  conducted 
extrapolation  to  zero  thickness;  in  this  case  possibly  certain 
overestimate  of  results). 


The  estimation  of  the  number  of  fission  neutrons  (neutrons, 

emitted  from  fission  fragments)  was  obtained  by  Kharding  with  T = 147 
HeV;  for  the  nucleus  of  uranium  obtained  value  = 13,1  ± 1,8,  for  the 
nucleus  of  bismuth  -na=10,0±2,5  [47].  The  appropriate  computed 

values  compose  12.3  + 1-2  and  12.0  + 1.2,  if  a - A/10  MeV"*,  and  10.9 
± 1,1  and  10.0  ± 1.0,  if  a = A/20  MeV-i  [114]. 


Thus,  comparison  with  the  experiment  of  the  results  of  the 
calculation  of  the  different  characteristics  of  fissionable  nuclei 
and  fission  products  shows  that  when  we  are  speaking  about  separate 
values,  theory  and  experiment  can  be  matched  under  several 
assumptions  about  relative  probability  If  '•e  fot  the 

description  of  this  probability  utilize  expression  (10.7),  then  it  is 
possible  to  obtain  agreement  with  experiment  simultaneously  for  a 
whole  series  of  values;;  however,  even  this  does  not  make  it  possible 
to  still  make  a final  conclusion  about  the  aeperdence  of  relative 
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probability  W-Vl^n  properties  of  fissionable  nuclei,  especially 

in  range  T ;C  150-200  MeV.  Here  are  required  further  invest  iqations- 


The  re  is  large  interest  also  in  the  propagation  of  the  theory  of 
division  into  the  range  of  energies  T > 1 GeV,  where  it  is  necessary 
to  already  consider  the  processes  of  multiple  meson  formation. 


^ .1,  , ,01 

m 2 GO  500  700  100  300  500  700  T,M3B 


Fig.  452.  Average  number  of  neutrons  with  energy  ^ < (25— 30)  MeV,  which 
escape  from  the  irradiated  in  proton  beam  of  the  different  energies  T 
of  nuclei  Pb  and  U,  taking  into  account  one  event/report  of  the 
inelastic  interaction:  1.  , 2.  the  results  cf  the  calculation 
respectively  with  a = A/20  and  a = A/ 1 0 HeV ; experimental  points 
are  taken  from  work  [7]. 
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Chapter  7 1 . 


INELASTIC  COLLISIONS  OF  NUCLEI. 

§107.  General  characteristic  of  the  experimental  data. 

j Page  597. 

The  information  about  the  properties  of  inelastic  collision  of 
two  nuclei,  by  which  we  avail  at  the  present  time,  is 

i interrupted/fragmentary  and  very  incomplete.  The  overwhelming 

majority  of  these  information  is  related  to  the  range  of  energies  T, 

which  do  not  exceed  several  dozen  million  electron  volts  by  nucleon 
(see  [27,  48,  57],  where  it  is  possible  to  find  further 
bibliography). 

■ 

I 

With  higher  energies  - if  we  do  not  consider  interactions  with 
deuterons  - all  known  now  experimental  data  obtained  in  cosmic 
radiation.  Primary  nuclear  component  in  this  case  is  the  set  of 
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different  nuclei,  from  the  very  light/lunys  of  the  type  of  helium  and 
lithium  to  nuclei  with  charges  Z > 30  (Table  H)  4)  . Since  even  by  the 
hetter/best  works  the  statistics  of  the  recorded  interactions  does 
not  exceed  200-300,  the  experimental  data,  as  a rule,  are  related  not 
to  separate  primary  nuclei,  but  to  some  of  their  groups,  which  are 
distinguished  by  magnitude  of  the  charge  Z (Table  145).  This,  of 
course,  complicates  theoretical  analysis. 
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Table  144.  Content  of  separate  cell/elements  in  the  flow  of  cosmic 
rays  with  energy  T 1 GeV/nuclecn,  c/c. 


AHTOpU 

LI 

Be 

B 

C 

N 

o 

F 

Z ^ 10 

VsoaMHrxoH  |58] 

3,9 

1,7 

11,6 

26,0 

12,4 

17,9 

2,6 

23,9 

0’Jlc,n,i  H ,ap.  143) 

5,3 

2,3 

Z,4 

30,0 

9,7 

19,4 

2,4 

23,4 

CiV: 


Note,  Ratio  of  the  number  of  a-particles  to  the  number  of  nuclei 
Li,  Be,  B A'a/A'Li,  Be, B =-■*'■  Ratio  of  the  number  of  protons  to  the  number  of 

nuclei  Li,  Be,  B A'p/A'Li.  Be,  b“ o^o- 

Key;  (1).  The  authors.  (2).  Ueddinqton-  (3).  O'Dell,  etc. 


Table  145.  Distribution  of  space  nuclei  with  energy  T > 1. 5 
GeV/nucleon  according  to  groups  depending  on  the  value  of  their 
electric  charge  2 (average  according  tc  the  data  of  many  authors 
[35]). 
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TAiiut  . 


L 

Z 3 5 

M 

Z « 6 ;•  9 

H 

Z ^ 10 

MH 

z 1 0 1 9 

VH 

VVH 

Z ^ 30 

2.6-t-0,8 

0,73±0.)l 

8.75±2,2 

2,5±0,25 

3, 5^0, 5 

1 

2,5±0,5 

1 

(2±I).I0-* 

i 

i 

; Note.  The  upper  row  is  calibrated  to  the  flow  of  very  heavy 

i 

I nuclei  (VH),  lower  row  to  the  flow  of  all  heavy  nuclei  (H)  - All 

[ errors  are  r oot-mean-square. 


Page  598. 

Furthermore,  the  overwhelming  majority  of  the  information  about  the 
interactions  of  space  nuclei  is  obtained  in  experiments  on  the 
photoemulsion,  where  very  inaccurately  is  determined  not  only  the 
value  of  the  primary  energy  T,  but  alsc  the  very  selection  of 
interactions  nucleus  ♦ nucleus  is  made  cn  the  basis  of  the  very 
approximate  criteria.  Therefore  the  bncwn  now  information  about  the 
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interactions  of  high-energy  nuclei  has  a predominantly  qualitative, 
estimated  character. 


The  already  simple  comparison  of  the  stars,  formed  in 
photoemulsion  by  high-energy  space  nuclei,  shows  that  them  it  is 
possible  to  distinguish  two  types:  1)  star  with  the  very  large  number 
of  secondary  particles,  among  which  either  generally  there  are  no 
particles  with  charges  Z > 1 or  - if  the  impinging  nucleus 
sufficiently  heavy  - sometimes  is  contained  one-two  such  particles 
(Figs.  453  and  454);*'star  with  the  considerably  smaller  number  of 
secondary  particles,  but  containing  several  fragments  with  charge  Z > 
2 (Figs.  455  and  456). 
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Fig.  453.  The  head-on  ccllision  of  nucleus  Mj  with  nucleus  Br  [21, 
47].  Nucleus  with  charge  Z = 1 2 ♦ 2 as  a result  of  nuclear  collision 
virtually  completely  decomposes  for  its  component  nucleons;  in  this 


case  is  split  the  target  nucleus.  Therefore  event  is  related  to  the 
sane  rare  cases,  when  target  nucleus  can  be  sufficiently  confidently 


identified.  Actually,  net  charge  of  all  secondary  particles,  which 


were  being  formed  as  a result  of 
of  the  impinging  nucleus  T s 700 


collision,  Z(  » 47,  and 
MeV/nucleon,  generation 


number  of  mesons  is  very  highly  inprobable  and,  therefore,  the  charge 


of  target  nucleus  ^.=-2,  — z~35,  i.e.,  nucleus  was  the  nucleus  of 

brctnine. 

Key:  ( 1) . pm. 
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In  this  case  unlike  nucleon-  and  the  pion-nuclear  collisions,  where 
the  particles  with  Z ^ 2 very  rarely  are  emitted  at  relativistic 
rates,  during  collision  with  the  emulsion  of  the  neutral  and  heavy 
nuclei  at  least  the  half  of  particles  with  Z 2 turns  out  to  be 
relativistic  and  escape  at  small  angles. 

The  first  type  of  stars  it  is  possible  with  to  compare  with  the 


central  (frontal)  collisions,  which  occur,  in  small  impact 
parameters,  when  the  impinging  nucleus  virtually  completely  is 
dispersed  to  separate  nucleons,  and  rare  fragments  with  Z 2 
formed  mainly  during  the  evaporation  of  the  highly  excited 
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Fig.  454.  The  star,  foraed  in  photoemulsion  by  nucleus  C with  an 
energy  of  T = 1700  GeV/nucleon  [47]  (right  figure  is  continuation  of 
left).  As  a result  of  interaction  was  formed  more  than  100  charged 
mesons.  About  one  half  of  secondary  particles  it  is  concentrated  in 
central  "shaft”.  Energy  of  the  impinging  nucleus  was  determined  by 
the  angle  of  the  Qxjzt  within  which  was  concentrated  the  half  of  all 
secondary  particles.  As  a result  of  collisicn  the  nucleus  C decayed 
into  component  nucleons. 
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Fig.  455. 

Nuclear  disintegration  Mg  into  a-particles  [47],  The  type  of  primary 
nucleus  is  establish/installed  from  the  analysis  of  its  track-  As  a 
result  of  collision  with  the  nucleus  of  photoe a uls ion  it  was 
decomposed  for  six  a-particles.  As  it  shows  density  measurement  of 
grains  in  the  traces  of  these  o-particles,  they  all  flew  out  at 
approximately  identical  rates.  The  seventh  trace  with  approximately 
the  same  density  of  grains  belongs  to  lew-energy  deuteron. 

Key:  (1).  M- M. 

Page  601- 

Second  type  stars  it  is  possible  to  relate  to  the  peripheral 
collisions,  when  the  impinging  nucleus  and  target  nucleus  overlap 
only  partially;  in  this  case  is  split  into  nucleons  the  only  part  cf 
the  impinging  nucleus,  but  its  another  part  it  flies  further  in  the 
form  one  or  of  several  fragments,  which  move  with  the  speeds  of  the 
same  order  of  value,  as  the  primary  impinging  nucleus. 


Qualitatively  this  picture  makes  it  possible  to  understand  many 
parts  of  the  inelastic  collisicn  of  two  nuclei;  however,  it  demands 
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of  course,  quantitative  confirmation  by  the  calculation. 

Unfortunately,  substantial  changes  of  the  properties  of  the 
impinging  nucleus  and  nucleus-target  in  the  process  of  collision  and 
the  need  for  the  simultaneous  account  of  the  very  large  number  of 
particles,  which  participate  in  interaction,  lead  to  the  fact  that  we 
now  do  not  have  theory  of  inelastic  collision  cf  high-energy  nuclei, 
if  only  one  of  them  it  is  net  deuteron  or,  at  the  worst,  by 
a- particle. 
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Fig,  456.  The  inelastic  collision  of  the  nucleus  of  nitrogen  with  an 
energy  of  T r:  2 GeV/nucleon  with  the  nuclei  of  phot oemu Isi on  [47],  As 

a result  of  collision  were  formed  several  T^'-mesons  and  nucleus  was 
decomposed  on  several  protons,  rapid  deuteron  and  nucleus  Li. 

Key:  ( 1)  . ^im. 

Page  602. 


It  is  necessary  also  to  keep  in  mind  that  during  the  interaction 
of  nucleus  with  photo  emulsion  along  with  interactions  of  the  type" 
nucleus"  ♦ nucleus  are  possible  also  the  prct on-nucleus  interactions 
with  hydrogen.  For  light/lung  primary  nuclei  the  contribution  of  the 
latter  is  comparatively  small  and  it  is  approximately  lOo/o;  however, 
for  the  nuclei  of  iron  this  contributicn  reaches  already 
approximately  20o/o  (Table  146)  and  it  cne  should  compulsorily 
consider  during  the  analysis  of  the  stars,  formed  by  high-energy 
nuclei. 

As  a rule,  very  is  with  difficulty  also  to  establish/install, 
with  which  nucleus  of  photoemulsion,  by  light/lung  or  heavy,  occurred 
collision.  The  approximate  criterion  of  selection  according  to  the 
total  number  of  gray  and  black  traces  (nj,  ^6  and  «;.  > 6)  now  turns 
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cut  to  be  still  susceptible/ccit ical,  than  in  the  case  nucleon  and 
pion-  nuclear  interactions  (see  Chapter  3),  since  the  significant 
part  of  the  stars  with  the  small  number  of  ray/teans  is  formed  as 

a result  of  peripheral  collisions  with  the  heavy  component  of 

photoe  mu  Is  ion. 

The  probabilities  of  interactions  with  the  groups  of  the 
light/lung  and  heavy  nuclei  of  photoemulsion  depend  on  the  mass 
number  of  impinging  nucleus  sufficiently  weakly  (see  Table  146). 

As  in  the  preceding/previous  chapters,  we  first  will  examine  the 
experimental  data,  and  then  let  us  discuss  the  theoretical 
possibilities  of  the  calculation. 

Data  on  integral  interaction  cross  sections  ot  nuclei  and  their 
elastic  scattering  were  already  examined  above,  in  chapter  1 and  2. 

§108.  Many  secondary  particles. 

Deute ron-n ucl ear  collisions.  Experimental  distribution  of  many 
particles,  which  are  formed  in  the  inelastic  collisions  of  deuterons 
with  nuclei,  are  given  in  Table  147  and  Table  165  and  16b  in  §112. 


PAGE  b ^■’^1 

In  its  form  of  the  stars,  formed  in  photoe mulsion  by  deuterons, 
are  very  similar  to  the  stars,  which  ate  formed  under  the  action  of 
nucleons.  The  basic  difference  consists  in  the  fact  that  at  just  one 
value  of  energy  T,  which  is  necessary  to  one  nucleon,  in 
deuteron-nuclear  collision  on  the  average  is  born  noticeably  the 
larger  number  of  secondary  particles,  than  during  collision  nucleon  ♦ 
nucleus. 
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Table  146.  Relative  probabilities  of  the  inelastic  interactions  of 
high-energy  nuclei  with  the  different  components  of  photoe nuls ion 
Ilford  G-5,  0/0- 


Jla.'ie  ritwiuce  Riipo 

MmiieHb  — 

4He 

I'lJe 

MN 

hBi'e 

8 

n 

17 

20 

C.  N.  0 

28 

29 

30  i 

31 

31 

Ar,  Br 

64 

60 

5G 

1 

52 

40 

Note.  All  these  values  are  calculated  ty  foraula  (1.12)  [47]. 


Key:  (1).  Impinging  nucleus.  (2).  Target. 


Table  147.  Distribution  according  to  the  number  of  ray/beams  in  the 
stars,  formed  by  deuterons  in  photcemulsion,  o/c  [26]- 


1 Mnc.no 

• in  4Crt 

T ^5 

M 'ny^  JOH 

T 75 

HyK.tOH 

CV) 

T ==  95 

Mj«/Hyn.t0H 

i 

0 ' 

28.4  ‘ ^ 

26,2+3 

- 

28,1  '-3,2 

3 

51  i4 

41,0  ' 4,1 

43,2  ' 3,8 

4 

17,3  ^ 2,3 

25,1+3 

_>5,2i-2,8 

5 

3 1 

3 ‘-1,1 

3,5±1  ,1 

6 

0,3^0, 3 

1,1  ^0,6 

0 
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Key:  (1).  Number  of  ray/beams.  (2).  Me  V/n  ucleon.  j 

i 

Page  601. 

However,  this  number  is  less  than  that  would  fellow  to  expect  if 
during  each  inelastic  deuteron-  nuclear  interaction  it  occurred  the 
"addition"  of  the  independent  cascade/stages,  initiated  by  both 
deuteron  nucleons;  it  is  possible  to  think  (and  this  confirmed  in 
§112)  that  in  many  instances  the  intranuclear  cascade  gives  rise  to 
cnly  cne  of  these  nucleons. 

Collisions  of  a-particles  with  nuclei.  Table  148  gives  number 
distribution  of  secondary  charged  particles  for  the  inelastic 
collisions  of  a-particles  with  the  nuclei  of  photoeraulsion . For  a 
comparison  in  this  same  tblitse  are  shewn  also  the  data  for 
interaction  p ♦ Bm  at  the  very  close  value  cf  energy  T = 94  HeV  /'a/4. 

The  distribution  of  many  shower  particles,  formed  by  a-particles  with 

higher  energy,  it  is  shown  in  Fig.  457.  We  see  that  during  the 

interactions  of  a-particles  with  nuclei  is  born  the  considerably 

larger  number  of  rapid  secondary  particles,  than  in  inelastic 

nucleon-nuclear  collisions.  This  follows  also  from  Table  149,  where 

are  shown  values  n,.  Even  with  energies  T ~ 100  GeV/nucleon  the 

average  number  of  shower  particles  in  collisions  a ♦ Em  reaches  the  i 


1 

1 


t 

I 
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same  value  as  in  collisions  N ♦ Em  at  T ~ 10’  GeV. 


The  fact  calls  attention  to  itself  that  in  experiment  fairly 
often  are  observed  one  or  even  two  rapid  secondary  protons,  in  which 
the  rate  turns  out  to  be  virtually  the  same  as  among  nucleons,  which 
was  a part  of  primary  a-particle.  Such  cases  it  is  logical  to 
interpret  as  result  of  the  peripheral  collisicrs,  when  one  or  several 
nucleons,  which  composed  earlier  o-particle  they  fly  the  initial 
rate. 


Table  148.  Distribution  according  to  the  number  of  ray/beams  in  the 
stars,  formed  in  photoenulsion  by  a-particles  with  energy  350  hAtV, 

^ (T  ~ 88  MeV/nucleon)  [49]. 


CO  Mhcjio 
;iy9efl  n 

(^) 

c OAHJiM 

1 C'weipwM  nj'oio- 

HOM  * 

3 

C 

Ol|1CT}'liJv.H  llpO- 
lOHiiMlI  * 1' 

P + Em 

r = 94  ,M.»«  [31] 

1 

3,3 ‘-M 

1,3 '-0,7 

2.610,9 

25,2  '-3,5 

2 

26,1  '2,9 

4,6-'-l,2 

0.6  1 0,4 

43.9  1 4,7 

3 

18,9  ':2,5 

3,3-bl 

0,3  + 1 

12,6  t-2,5 

4 

16  1:2,3 

1,6'0,7 

0,6  '0,4 

11.1+2,3 

5 

17,3-i:2,4 

2,6 '0,9 

^ 1 

6,6M  ,9 

6 

lO.IrtI  ,8 

1 ,3  3-0,7 



0,54-0,5 

7 

•5,9':), 4 

— 





8 

1,6+0, 7 





9 

0,6=;0,5 

— 

- 

— 

1 

100% 

- 

14,7% 

4,2% 

100% 

Key;  (1).  Number  of  ray/beaas.  (2).  All  stars.  (3).  Stars  with  one 
rapid  proton  i. 
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FOOTNOTE  Velocity  of  rapid  proton  the  same  as  of  primary 
a-particle.  ENDFOOTNOTE. 

(4).  Stars  with  two  rapid  protons  (5).  MeV. 


Fig.  457-  Distribution  u' (ns)  in  the  inelastic  collisions  of  space 
o-particles  with  the  nuclei  of  photoemulsion  [42]-  Dotted  curve  is  a 
result  of  the  addition  of  two  independent  distributions  for 
interaction  N ♦ Ea  during  the  same  value  of  energy. 

Page  604. 

Table  149.  Average  multitude  cf  shower  particles,  which  are  formed 
during  the  interaction  of  space  nuclei  with  photoemulsion. 


i 

i ' 
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Key:  (1).  Space  nucleus  *, 


FOOTNOTE  ».  Z is  a charge  of  primary  space  nucleus.  ENDFOOTNOTE. 


(2).  GeV/nucleon.  (3).  nucleus-target  criteria  of  selection. 

FCCTNOTE  2.  Since  in  the  majority  of  experimental  works  are 
considered  also  the  stars  with  the  number  of  black  and  gray  ray/beans 
which  correspond  to  interactions  with  the  hydrogen  of  photoemulsion, 
the  mass  and  charge  numbers  of  neutral  photoemulsion  nuclei  Em  and 
lEm  differ  from  those,  that  they  were  shown  in  introduction. 
ENDFOOTNOTE. 

(U).  Literature.  (5).  all  stars. 
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▼able  150.  Average  nunber  of  gray  and  black  ray/beaas  in  the  stars, 
foraed  by  nuclei  in  photoemulsion. 


T 

/ 

Minucub  * ; 

.Ti: 

t)  >apo 

r.^e’Hl/K.IVH 

"b 

"h 

Kf’tfiej'Hfi  orCopa 

Tvpa 

C3) 

p(Z  !) 

6,2 

3,5810,11 

5,68-10,21 

8,810,2 

/ ^ 

/:///;  Bce  ;iBC3AU 

1601 

6 

2 

— 

3,9  = 0,1 

- 2 -+ 6 

ICO) 

6 

9 

5,21  0,10 

9,4810,14 

14,7±0,2 

/lEiir,  /!;,  > 6 

160] 

a 

15 

6,3.‘:l  ,1 

12. 2^.1, 3 

18,5_l2,5 

. 

Em;  > 4 

129] 

l-i.  Be,  B 

0,1 

0.3 

3,9  : 0,7 

3 ‘ 0.6 

6.9  10,9 

Em;  H('c 

1461 

0,1  - 

-0.5 

■1.8  ■ 0,7 

3.7  0,6 

8,5  l0,9 

Em;  » » 

146) 

2 . 

15 

3,0  r0,5 

4,0l0,6 

8,3  l0,6 

Em;  » » 

13,  19, 
23,  501  -• 

2 _ 

- 15 

— 

— 

4,010,2 

I.Hrii;  nj^  — 2 6 

!3,  19, 

23,  501  -» 

o _ 

- 15 

16,7  l0,S 

Hf./rr,  ;i;,  > 6 

13,  19, 

23,  .50] 

C 

9 _ 

- 15 

3, 2-0, 5 

5, 1+0, 7 

8,3  l0,8 

r R ® 

/:m;  lice  3HC3Ab) 

|31 

10 



— 

6, 1+0,7 

Em;  » » 

i56] 

c,  N',  O 

o . 

1 5 

to 

o 

CO 

4.8  f-0,3 

8+0,4 

Em;  » » 

|3| 

■10 





7.9  = 0,4 

Em;  » » 

|56| 

■10 

— 

— 

3,8  = 0,4 

/.£/«;  - 2 -+  6 

1'56| 

40 

— 

— 

5,6410,9 

H I:  nr,  iii,^  6 

156] 

(S> 

|3]' 

N 

0 _ 

- 15 

2.8  ^-0,6 

3.9  10,7- 

6.7  4-0,9 

Em;  Hce 

40 

9,5  il 

Ern;  » » 

1.561 

r,  \,  o,  F 

0,1  - 

0.3 

■1  ■■=■0.4 

3,1  = 0.3 

7.1  ' 0.5 

/'//? ; » » 

1-61 

O.I 

0.3 

— 

1 0,5 

I.Eni;  /I;,  2 : 6 

[161 

146] 

0,1  - 

■0,3. 

-- 

— 

12,3  =1 

UEnr,  > 6 ^ 

Em;  Hce  SiKTjjbi’^ 

0.3- 

- 0.5 

6,S-<-0,5 

5 :-0,5 

11,8  = 0,7 

146] 

0,1  - 

-0.5 

5, 3=0, 3 

4 + 0,3 

9,3  ! 0,4 

Em;  » » 

146] 

0,1  - 

0.5 

— 

4, 2+0, 4 

L Em;  - 2 ■+ 6 

146] 

0.1  - 

- 0,5 

— 

__ 

14.9  :-0,4 

fJEm;  > 6 

146] 

3 

6.1  ■ 0,6 

6.6  =0,7 

12.7  11,2 

Ein;  ni,  > 1 

125] 

3 

1,6=  0,2 

2.5  ! 0,3 

4,1  = 0.6 

LEE;  nu  i -7 

125] 

3 

9. 6=1 ,1 

9,7  -1 .1 

19,3l2.2 

II Em; 

|25] 

3 

18,7-14,5 

13.7+3,5 

32,4  ) 8 

HEm;  > 28(?) 

125] 

2- 

- 15 

3,910,3 

5. 1+0,4 

8,0  i0,4 

Em;  Bce  3iJ03,3iJ 

13,  19, 

23,  ,50]  2* 

2- 

- 15 

— 

— 

■1,0  =:0,1 

LEm;  n/,  2 : 6 

13,  19, 

23,  50]  2* 

2 _ 

- 15 

15,8  ‘.0,5 

II Em;  > 6 

13,  19. 

23.  .501  2» 

6.5  ' 0.6 

s> 

o 

2 

1 0 

3,5  ' 0,4 

3.0  = 0,5 

Em;  BCc  3Bf*3;ibi 

|3] 

10 

' 

8,G  =:0,7 

Em;  » » 

1='61 

3 

O.I 

0,3 

t.I  ‘ 0.3 

3.1  0.2 

7,2  ■ 0,4 

Em;  » » 

1161 

0.1 

0.5 

6.1  0.3 

4.6  = 0.3 

10.6  0.5 

Em;  * » 

116] 

2 . 

15 

6.0  ‘ 0,7 

5.32  0,49 

1 1 ,3  =1,2 

Em;  > » 

|3,  M) 

2 

to 

10.2  ■ 0,9 

8,5  -10,5 

18.7  ‘-I 

HEm;  nji  > 6 

144] 

L J 


DOC  = 77106909 


PAGE  ^577 


PT 


TA^)Ut  \bO  {,  c<3n'V\nuai  100^ 


G> 

He;  r>H‘a  oe 

T,  Q> 

"b 

"A 

JIaI'O -MJnjioib  *; 
Kj.Miei'Mn  oifopa 

Q> 

.n»re;  afl' 

TV  pa 

CD 

Z>IQ 

0,1  — 0,3 

4,^  0,6 

3,2 ‘ 0,5 

7, 6 + 0,8 

Em;  Bce  3Be3;ibi 

146) 

0,1  0,5 

5,8  0,6 

4,24  0,5 

10-h0,8 

Fm‘,  » » 

146) 

3 

6,7  • 0,7 

6,1  4 0,6 

12,8  1-1 

Em;  > 1 

125] 

3 

1 ,8+0,2 

2,2  0,3 

4 ‘ 0,5 

AEm;  nh  = =2-:-7 

|25) 

3 

10,7  ‘1,1 

9,2  1 1 

20±2,2 

UEm\  nh>&  _ 

125) 

3 

24  4 6 

11,24-3 

.35,2±8 

y/Em;  ni,  > 28^5) 

125) 

2-^15 

5,4_l0,4 

6,5  0,5 

8,8  i 0,5 

Em;  HOC  aBe.SAu 

|3,  19, 
23,  501 2* 

2-;-  15 

— 

— 

3,84,0,1 

EEm;  - 2 ■;  6 

|3,  19, 
23,  50)  2» 

2-:-  15 

I7,5,lO,7 

y/Em;  > 6 

|3,  19, 
'23,  50)  2* 

DOC  = 77106909 


PAGE  3 7 S' 


Key:  (1).  Primary  nucleus-  (2).  GeV/nucleon.  (3).  Target  nucleus  i; 
the  criterion  of  selection. 


FOOTNOTE  *.  See  note  ^ to  Table  149.  . ICFCCTNCTE- 


(4).  Literature-  (S) . all  stars- 


FCCTNOTE  2.  The  average  value  of  the  results,  obtained  in  works  [3, 
19,  23,  50  ];  values  and  are  taken  their  work  [3]. 

ENDFOOTNOTE. 

If  one  considers  that  a-particle  is  as  auch  neutrons,  as  and  protons, 
then  the  portion  of  peripheral  collisicr.s  with  T = 88  MeV/nucleon 
(see  Table  148)  it  must  be  knowingly  more  the  third  of  the  number  of 
all  inelastic  interactions  a * Em-  Analysis  are  rapid  particles, 
which  escape  at  small  angles,  it  showed  that  among  them  many  the 
deuterons:  for  20  recorded  in  work  [49]  charged  particles  relation 
p;d;t  = 7;12:1. 
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In  the  work  of  the  Appd  of  Roa,  etc.  [4],  carried  out  with  space 
o-particles  with  energy  T 6 GeV/nuclecn,  the  number  of  secondary 
protons  at  velocities,  approximately  equal  to  the  rate  of  primacy 
a-particles,  was  found  equal  to  1 • *5  ♦.  C.5  taking  into  account  one 
star  in  photoemulsion,  whence  it  follows  that  with  very  high  energies 
with  target  nucleus,  as  a rule,  interacts  the  pair  of  the  nucleons  of 
the  impinging  a-particle.  Viith  this  conclusion  will  agree  also  the 
results,  obtained  Nakagava,  etc.  [42]:  experimental  distribution  U'CnJ 
in  Fig.  457  very  closely  to  the  total  distribution,  which  corresponds 
to  the  case,  when  with  the  nucleus  of  photoemulsion  on  the  average  it 
is  simultaneous,  but  independently  of  each  ether,  they  interact  two 
nucleons. 


An  average  multitude  cf  shower  particles  n,,  the  forming  in 
inelastic  collisions  a-particles  with  nuclei  (see  Table  149), 
approximately  is  twice  as  more  as  which  is  observed  in  the  case  of 
nucleon-nucleus  collisions  at  the  equal  value  cf  energy  T,  which  is 
necessary  to  one  nucleon. 

The  value  of  an  average  multitude  cf  gray  and  black  traces  in 
the  stars,  formed  by  a-particles,  vice  versa,  is  close  to  the 
appropriate*  values  for  collisions  N + nucleus  (Table  150).  In  this 
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case  in  both  cases  the  average  nunber  of  slow  particles  in  star  rty 

t 

grow/rises  with  an  increase  in  nany  being  born  shower  particles; 
however,  in  the  case  a ♦ Em  this  dependence  somewhat  weaker  (Fig. 
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Pig.  458.  Dependence  of  the  average  nuaber  of  gray  and  black  traces 
on  the  nunber  of  relativistic  traces  "s  in  stars,  formed  during 
irradiation  of  fotoemulsii  hy  space  a-particles  with  energy  T > 1 
GeV/nucleon  [18].  Dotted  line  - the  same  for  interaction  p Em  [18], 


Page  607. 

1 

This,  apparently,  is  connected  with  the  fact  that  into  the  group  of 
events  with  small  values  now  enter  not  only  the  interactions  with 
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light/lungs,  but  also  the  significant  part  (peripheral)  of 
interactions  with  the  heavy  nuclei  of  photcenulsion. 

Many  shower  particles  during  the  collisions  of  nuclei  with 
charges  Z ^ 3.  The  experinental  data  on  an  average  oultitude  of 
shower  particles,  which  are  formed  in  the  photoemulsion,  irradiated 
by  nuclei  with  charge  Z > 3 are  given  in  Table  149  and  151.  From 
these  data  is  distinctly  evident  a sharp  increase  in  the  average 
number  of  being  born  shower  particles  during  transition  to  the  large 
values  of  Z.  In  this  case  an  increase  in  the  charge  of  primary 
nucleus  leads  to  a considerably  more  essential  increase  in  the  number 
cf  being  born  particles,  than  transition  to  heavier  target  nuclei  in 
the  case  nucleon-  and  pion-  nuclear  interactions.  The  latter  is 
connected,  in  particular,  from  themes  by  the  fact  that  the  particles, 
which  in  the  system  of  the  rest  of  the  impinging  nucleus  slow,  during 
passage  to  the  laboratory  system  of  coordinates  considerably  increase 
their  energy  (Fig.  459) . 

In  stars  with  the  large  number  of  slow  particles  (/ih  > 6)  on  the 
average  is  born  considerably  more  shower  particles,  than  in  stars 
with  ri),  ^ 6. 

If  we  disregard  the  relatively  small  number  of  relativistic 
protons  of  those  escaping  from  target  nucleus,  then  the  difference 
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between  the  total  number  of  charged  shower  particles  n,  and  the 
number  of  relativistic  protons  can  be  approilaately  accepted  for 
the  number  of  charged  relativistic  v-  mesons,  which  are  formed  during 
the  collision:  n„i.—n,  — np_  (contribatiop  mesons  is  very  small). 
Specifically,  thus  obtained  values  nn±  in  Table  151. 

Figure  460  shows  the  distribution  of  the  inelastic  interactions 
of  nuclei  depending  on  the  value  of  a change  in  the  charge  — 

— where  z.  are  charges  of  relativistic  secondary  particles,  and  Z 

- the  charge  of  the  impinging  nucleus. 


r 

DOC  = 77106909  PAGE 

Table  151.  Average  nuabec  the  aesons,  which  ace  born  during  the 

. collision  of  space  nucleus  with  photoenulsion. 


0^ 

Mapo 

(JX1  1 

T,  rae/Hi'S.ioH 

"ai 

Cm) 

JIidcpaTypa 

Bce  3be3nu 

i2l 

* < ^ 6 

n^>6 

p(Z=l) 

6,2 

1,9.^:0,1 

2,6+0, 1 

160] 

Li,  Be,  B 

3 



4 

7,6 

(47) 

2;15 

4,8i;0,6 

3, 5+0, 5 i 

6, 8 + 0, 5 

13.  44] 

C 

2-rI5 

6, 3+0, 7 

_ 

|31 

40 

19,2±1 

— 

— 

1561 

C,  N,  0 

3 

_ 

4 

10 

|47J 

2-^15 

9,8±0,5 

5, 6+0, 6 

— 

13] 

40 

, 21,4 

10,0±0,6 

40±1,4 

156) 

N 

2-^15 

9,8±1,1 

_ 

13) 

40 

22,9±13 

— 

— 

156) 

C,  N,  0,  F 

2-:  15 

10,'5±0,5 

4,4^  0,4 

9, 9+0, 8 

13.  44) 

40 

22,7±1,3 

— 

156) 

O 

1 

2~IS 

11,8±0,8 

|3) 

40 

22,7+1,6 





156) 

Z>3 

2^15 

12,1  + 1,1 

5, 5+0, 4 

18,8+3,6 

13,  44) 

9 <2  <19 

• 3 

— 

3,4 

10,5 

147) 

Z>  10 

, 2-:- 1 5 

13,1  ±0,7 

4 , 7di0 ,5 

1 

14,4+0,9 

13,  44) 

DOC  = 77106909 


PAGE  -4« 


Key:  (1).  Nucleus.  (2).  GeV/nucleon.  (3).  All  stars.  (4).  Literature. 

Page  608. 

Host  frequently  - especially  with  n^  = o,  1 occur  interactions  with  AZ 

= 0,  when  are  not  formed  relativistic  lesons.  The  formation/education 
of  mesons  is  more  probably  during  the  central  collisions,  which  are 
characterized  by  the  large  number  of  slew  particles  nt,  (see  Fig. 

460b  and  c).  Specifically,  with  this  is  connected  more  rapid  increase 
in  the  set  during  passage  to  the  large  values  of  Z in  stars  with 

the  number  of  ray/beams  > 6 in  Table  151;  with  < 6 (and  the 
fixed/recorded  energy  T talcing  into  account  one  nucleon)  the  values  'i.-tt 
change  considerably  slower. 


AM. 
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Pig.  459.  The  range  of  the  solved  energies  in  the  laboratory 
coordinate  systea  for  a-par tides  and  the  protons,  emitted  by  the 
iapinging  nucleus  during  its  collision  with  the  mediua  nucleus  of 
photoeleaent  [46];  9 is  an  angle  with  respect  tc  the  direction  of  the 
notion  of  the  iapinging  nucleus  in  the  laboratory  coordinate  system. 
Is  shown  energy  of  the  primary  nucleus  T. 

Key:  (1).  MeV/nucleon. 


Fig.  460.  Nuaber  of  the  inelastic  collisions  of  space  nuclei  with  the 
nuclei  of  photoeau Ision  during  T > 1.5  GeV/nucleon,  which  are 
accoapanied  by  different  changes  in  the  charge  hZ  [47]:  a)  - the 
distribution  of  all  stars,  formed  by  space  nuclei  with  charge  z > 3; 
b) , c) , d)  - the  distribution  of  stars  with  the  different  nuaber  of 
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gray  and  black  traces,  forned  by  nuclei  with  charge  3 ^ Z ^ 8. 


Page  609. 

In  distributions  in  Fig.  U60  are  encountered  negative  values  LZ 
up  to  AZ  =-4.  Values  AZ  = - 4,  -3  can  be  ascribed  to  errors  in 
deter lination  AZ,  especially  when  the  charge  of  initial  particle  is 
great.  However,  the  frequency,  which  meet  the  values  AZ  = -1, 
testifies,  apparently,  to  completely  real  effect.  This  effect  can  be 
connected  with  the  processes  of  charge  exchange,  during  which  the 
colliding  proton  converts  into  neutron  without  the 
formation/education  of  charged  mesons  [47].  Some  cases,  which 
correspond  to  small  positive  values  AZ,  also  can  be  ascribed  to  the 
similar  processes,  during  which  the  neutrons  are  converted  intc 
protons.  However,  large  positive  values  AZ  are  definitely  connected 
with  the  formation/education  of  mesons. 

It  is  interesting  to  note  that  the  peripheral  collisions,  when 
from  primary  nucleus  "are  separated"  only  small  fragments,  they  occur 
by  such  form,  as  if  each  nucleon  of  fragment  interacted  with  target 
nucleus  virtually  independent  of  other  nucleons.  The  mean  value  of 
relation  nJAA,  where  AA  - the  number  of  the  "separated"  nucleons. 


only  by  a little  is  less  than  which  is  observed  for  nucleon-nuclear 
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collisions  with  '«qudl  energy  of  T/nucleon  *. 

FOOTNOTE  *,  AA  it  is  equal  to  a difference  in  the  mass  number  of 
primary  impinging  nucleus  and  the  mass  number  of  corresponding 


\ 

1 


! 


i 

» 

r 


nucleus-remainder  or  sum  of  the  mass  numbers  of  the  fragments,  for 
which  decomposes  this  remaining  nucleus:  AA  = ocrar- 

t 

ENDFOOTNOTE. 

For  example,  with  T s (1  - 20)  10^  GeV/nucleon  in  the  work  of 

Abraham,  etc.  [ 1]  for  stars  with  < 6 and  > 6 are  obtained 

respectively  values  n,/A^  >8^6  ± 1,7  and  n7A^>  17,1  ± 1,6;  value  n, 

nucleon-  nuclear  interactions  with  T - (0.‘7  - 1.4)  10’  GeV,  obtained 
in  this  same  work,  is  11.5  ± 3.3  for  «/.  < 6 and  17;  3 ♦ 5.2  for  nh>6. 

Some  authors  (for  example,  see  [1]  and  monograph  [41],  pages 
303)  they  consider  that  a specific  multitude  is  close  to  many  shower 
particles  from  nucleon-nuclear  collision  net  only  for  peripheral,  but 
also  in  the  general  case  of  the  inelastic  ccllision  of  two  nuclei. 

Figure  461  shows  that  an  average  multitude  of  shower  particles 
increases  approximately  proportional  to  the  value  of  the  mass  number 
cf  primary  impinging  nucleus  Tlnera  This  indicates  that  each  nucleon 
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of  the  impinging  nucleus  on  the  average  bears  approximately  the 
identical  number  of  shower  particles. 


Many  heavily  ionizing  particles.  As  concerns  the  slow  particles, 
which  leave  in  photoemulsion  gray  and  black  traces,  with  energies  T 
1 GeV/nucleon  the  suppressing  number  of  these  particles  it  escapes 
from  target  nucleus  and  therefore  their  property  they  characterize 
the  processes,  which  develop  precisely  in  this  nucleus  (particles, 
connected  with  the  impinging  nucleus,  in  the  laboratory  system  of 
coordinates,  as  a rule,  relativistic;  comp,  with  Fig.  459). 


S S 70  75  20  Anept 

Fig.  461.  Dependence  of  the  average  number  of  shower  particles  on  the 
mass  number  of  primary  impinging  nucleus  [2,  38]  (interaction  with 
photoemulsion  with  energies  T,  GeV/nucleon). 
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As  we  will  see  below,  the  properties  of  b-partlcles  are  1 

explained  well  evaporative  model;  therefore  these  particles  j 

characterize,  In  essence,  remanent/residual  nucleus;  hence  also  It  | 

follows  that  as  In  the  case  nucleon-  nuclear  Interactions,  j 

particles  with  gray  traces  they  are  formed  at  the  stage,  which  | 

precedes  the  formation  of  an  excited  nucleus-remnant  and  their  ] 

i 

multiplicity  can  be  considered  as  a measure  of  the  intensity  of  the  i 

cascade  which  developed  inside  the  nucleus-target.  j 

1 

It  is  reasonable  to  consider  that  each  gray  trace  signifies  | 

the  loss  of  one  charge  by  the  nucleus-target  (the  contribution  of  ; 

1 

jt* -mesons  is  insignificant).  Then  the  charge  of  the  extlted  ! 

nucleus-remainder  at  the  moment  preceding  the  evaporation  process,  I 

— n?,  where  - the  charge  of  the  nucleus-target.  In  j 

otner  words,  the  value  ng  characterizes  the  dimensions  of  the  j 

excited  residual  nucleus.  , 

The  particles  connected  with  the  bombarding  nucleus  provide 
a substantial  contribution  to  the  low-energy  component  of  secondary 
particles  only  with  energies  T<1  GeV/nucleon.  In  particular,  in 
this  case  the  composition  of  the  g-partlcles  Includes  a considerable 
portion  of  the  particles  emitted  in  the  process  of  evaporation  of 
big  and  the  decay  of  small  heavily  excited  fragments  of  the 
bombarding  nucleus  which  were  formed  as  a result  of  collisions  (see 
Pig.  459).  I 
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Thus,  a comparison  of  the  properties  of  g-partlcles  In  high- 
energy  collisions  of  N+nucleus  and  nucleus+nucleus  permits  studying 
the  difference  in  the  cascade  stage,  and  a comparison  of  the  propetties 
of  b-partlcles  - the  difference  in  the  evaporative  stage  of  these 
two  types  of  Interactions. 

Fig.  ^62  shows  typical  total  distributions  of  traces  of  g- 
and  b-partlcles  formed  during  Inelastic  collisions  high-energy 
nuclei  with  photoemulsion.  The  first,  which  turns  on  Itself 
attention  in  these  distributions,  this  large  number  of  multiple- 
pronged stars,  considerably  larger  than  in  the  isade  nucleon-  or 
pion-nuclear  interaction  (even  if  energies  primary  nucleon  and 
'W'-meson  reach  several  thousand  GeV.  It  is  evident  also  that  the 
interactions  with  n,,  ^ 0;  1 most  probable. 
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Fig.  462.  Number  distribution  of  heavily  ionizing  particles  in  the 
stars,  formed  in  photoemulsion  by  space  nuclei  with  charge  Z > 6 
during  T 40  GeV/nucleon  [56];  "p  is  a nuaber  o£  shower  protons  in 
star.  In  the  case  by  dotted  line  is  shewn  distribution 

for  interactions  a *■  Ea  [56],  calibrated  to  the  number  of  stars  with 
By  dotted  line  with  '>/,<'«  in  the  upper  figure  is  estimated 
shown  the  contribution  of  peripheral  interactions  nucleus  HEm. 

Key;  (1)-  All  stars. 


Page  611. 

Furthermore  there  is  a second  very  clearly  expressed  peak  with  ) 

after  which  begins  sharp  decrease  and  then  values  are  almost 

constant  up  to  /7h~20. 

A change  in  the  character  of  distribution  (n^)  during  «/,  - 

6-7  can  be  explained  by  the  presence  of  two  strongly  being 
distinguished  groups  of  nuclei  in  photoemulsion.  Interactions  of 
space  nuclei  with  the  light/lung  component  of  the  photoemulsions, 
which  are  freguently  accompanied  by  the  complete  disintegration  of 
target  nucleus,  give  contribution  with  maximum  with  ~ Z,,cr  ~ 5.  From 
that  fact  that  this  maximum  distinctly  exhibited  in  experimental 
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distributions  *,  it  oay  be  concluded  that  in  stars  with  the  nuober  of 
ray/beaas  2 : 6 the  contribution  of  peripheral  interactions 

with  the  heavy  nuclei  of  photoemulsion  is  ccnparati vely  small. 


FOOTNOTE  1.  It  is  interesting  to  note  that  in  the  case  nucleon-  and  ] 

pion-  nuclear  interactions  this  anomaly  is  expressed  very  weakly  (see 
Chapter  3)  despite  the  fact  that  the  relative  numbers  of  j 

splitting/fissions,  caused  by  collisions  with  the  light/lung  ’ 

component  of  photoemulsion,  in  this  case  approximately  the  same  as 
during  interactions  nucleus  ♦ Em.  The  formation/education  of  maximum 
is  an  effect  of  the  complete  disintegration  of  the  light/lung 
photoemulsion  nuclei  in  collisions  nucleus  4 Em.  ENDFOOTNOTE. 

The  value  of  this  contribution  can  be  rate/estimated  approximately 

into  20-25O/O,  if  one  assumes  that  the  interactions  a nucleus  * HEm 
with  < 6 have,  speaking  in  general  terms,  the  same  distribution 
of  traces  as  during  n,t~6~20  (dotted  line  in  upper  Fig.  462)  | 

I 

>, 

II 


FOOTNOTE  The  composite  probability  of  interactions  with  the  heavy 
component  of  photoemulsion  is  obtained  in  this  case  equal  to  5 1 ^ 
6o/o  in  a good  agreement  with  theoretical  data  by  Table  146  [561. 
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BNDFOOTNOTE, 


When  the  number  of  shower  protons  «p<2,  distribution 
for  the  case  nucleus  *■  Ew  is  sufficiently  close  to  the  distribution 
of  particle  tracks  h-  during  interaction  a ♦ £■;  considerable 
disagreements  are  observed  only  with  nh>10.  Bith  passage  to  large 
values  np  quickly  is  reduced  the  contribution  of  events  with  /7j,=0,  1 
and  is  swoothed  peak  with  ~ 5;  during  very  large  values  'Jp 
distribution  W' («/,)  becomes  almost  constant  up  to  30.  The  average 
number  of  slow  particles  grow/rises  proportional  to  the  number  of 

relativistic  protons  (Fig.  463). 


From  Table  150,  where  for  a comparison  are  given  also  data  for 
interactions  p Em  and  p + HEm  with  T = 6.2  GeV  it  is  apparent  that 
an  average  multitude  of  gray  and  black  traces  in  the  stars,  which 
were  being  formed  during  the  inelastic  collisicns  of  nuclei, 
independent  of  the  nature  of  the  impinging  nucleus  very  close  to  the 
appropriate  values  for  nucleon-  nuclear  collisions  and  in  range  T ^5 
GeV/nucleon  within  the  limits  of  experimental  errors  remains  actually 
constant/invariabl e- 


Since,  however,  the  effectiveness  of  the  detection  of  stars  withn^^ 
0.1  in  the  case  of  the  interactions  of  two  nuclei  and  in  the  case  of 


1 
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nuclf»on-nuclear  collisions  can  considerably  be  distinguished,  is  aore 
■ reliable  comparison  of  the  properties  of  these  two  interaction  modes 

i 

in  the  stars  > U the  recording  efficiency  cf  which  in  both  cases 
is  approxiaately  identical.  Table  150  shows  that  in  the  stars,  where 
Hh  ==  2 6, average  multitudes  cf  low-energy  particles  n*  for 
interactions  nucleon  nucleus  ♦ nucleus  are  really/actually 
identical.  In  large  stars  with  track  pcpulation  n*  > 6 on  the 
average  is  born  somewhat  larger  quantity  of  h-particles,  than  in  the 
case  of  nucleon-nuclear  collision;  however,  a difference  in  the 
values  rih  seems  surprisingly  small,  if  we  consider  the  large 
difference  in  the  number  of  nucleons,  which  participate  in  these  two 
interaction  modes,  and  the  considerable  difference  in  the  number  of 
being  born  shower  mesons. 


\ 
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Fig.  463.  Dependence  of  an  average  multitude  of  the  heavily  ionizing 
particles  on  the  nuaber  of  relativistic  protons,  emitted  during 
inelastic  interactions  with  the  nuclei  of  the  photoenulsion  of  space 
nuclei  with  charges  Z >,  'i  and  energy  T a 40  GeV/nucleon  [56]. 

Page  612. 


Prom  data  given  Table  150,  then  shows  that  the  difference  in  the 

number  of  slow  secondary  particles  in  cases  when  with  the  nucleus  of 

, photoenulsion  collide  high-energy  nuclecn  or  nucleus,  it  is  caused  bv 

i ' 

. I the  difference  in  the  number  of  being  born  g-particles.  Even  more 
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vividly  this  is  exhibited  during  the  ccaparison  ot  the  distributions 

of  the  gray  ray/beaas  W {rig).  Hhile  in  proton-nucleus  interactions 
distribution  W {rig)  reaains  actually  corstant/invariable  alaost  with  a 
triple  increase  of  energy  T fron  6.2  tc  22.5  GeV  (Pig.  464),  passage 
to  nuclear  collisions  in  photoenulsion  leads  tc  a considerable 
decrease  in  the  nunber  of  events  in  interval  rig  = 0 5 on  the 
contrary,  to  an  essential  increase  in  the  quantity  of  stars  with  the 
large  nunber  of  gray  ray/beaas  n,.>10. 

If  we  consider  that  the  g-  particles  are  the  nucleons  of  loss  in 
the  sane  way  as  this  occurs  in  the  case  of  nucleon-  nuclear 
collisions,  then  it  may  be  concluded  that  during  the  collision  of  two 
nuclei  into  the  process  of  interaction  is  involved  the  considerably 
larger  nunber  of  intranuclear  nucleons,  than  in  the  case  of  the 
nucleon  or  of  pion-nuclear  collision.  At  the  sane  time  from  the  data 
cf  Table  150  and  from  Fig.  464  it  follows  that  the  nunber  of 
particles  with  black  traces  - both  with  snail  < 6,  and  at  large 
values  rih  - reaains  almost  constant/invariable  during  the 
replacement  of  the  impinging  nucleon  by  nucleus.  Differences  are 
noticeable  only  for  the  very  large  stars  with  nb>15,  which  actually 
were  not  observed  in  the  case  of  collision  nucleus  «-  En  [44];  however 
the  statistical  accuracy  of  measurements  is  still  insufficiently 
great  in  order  that  it  would  be  possible  tc  insist  on  this 
difference. 


i 

I 

I 

i 

i 

i 
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I Hence  it  is  possible  to  draw  the  conclusion  that  at  high 

S energies  the  process  of  the  disintegration  of  target  nucleus  - 

■ especially  the  stage,  connected  with  the  evaporation  of 

remanent/residual  nucleus,  very  weakly  depends  on  the  nature  of 
incident  particle- 

I Soaewhat  large  values  Ob,  observed  in  the  case  of  the  collisions 

’ of  nuclei  with  «/,  > 6,  indicate  that  the  central  collisions  of  nuclei 

are  accoapanied  by  the  aore  spallation  of  target  nucleus,  than 
nucleon-nuclear  collisions. 

1 

I 

, Number  of  secondary  particles  and  the  value  of  the  excitation 

• energy,  transferred  to  target  nucleus-  The  number  of  particles, 

j eaitted  in  the  process  of  evaporation,  is  the  function  of  a radius  of 

? the  remanent/residual  nucleus,  which  was  being  formed  after  of 

nucleus-target  flew  out  cascade  s-  and  g-particles.  Therefore  in 
order  to  compare  the  value  of  the  excitation  energy,  transmitted  to 
target  nucleus  during  the  inelastic  collision  of  two  nuclei,  with  the 
excitation  energy  of  the  remanent/residual  nucleus,  which  is  formed 
in  the  case  nucleon-  of  nuclear  interaction,  convenient  to  select  the 
events,  in  which  the  excited  remanent/residual  nuclei  in  the 
beginning  of  the  process  of  evaporation  would  have  identical 
size/diaensions. 

t 

t 

i j 
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Fig-  464.  Distribution  of  gray  and  black  ray/beaus  in  the  stars, 
foraed  in  photoemulsion  by  protons  with  energy  T = 6-2  and  22.5  GeV 
(respectively  broken  and  dot-dash  histogram  [60])  and  by  space  nuclei 
with  an  energy  of  T s:  2-15  GeV/nucleon  (continucus  histogram  [44]). 

Are  selected  only  events  with  "h  > 6.  in  each  figure  everything  three 
histograms  are  calibrated  to  one  and  the  same  collision  frequency. 
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It  has  already  been  stated  above  that  the  number  of  gray  tracks  in  a 
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Star  may  serve  as  a measure  of  the  value  of  the  residual  nucleus 
uhile  the  mean  plurality  of  of  black  ray/beaas  is  the  measure  of 

the  value  of  the  excitation  energy  of  this  nucleus.  Consequently,  in 
order  to  obtain  the  representation  of  a difference  in  the  excitations 
cf  remanent/residual  nuclei,  formed  during  the  collisions  of 
high-energy  nucleons  and  nuclei  with  phctoenulsion,  one  should 
compare  an  average  multitude  of  black  ray/beans  in  stars  with  the 
equal  number  of  gray  ray/beams.  This  ccaparison  is  carried  out  in 
Pig.  965.  Prom  this  figure  it  is  evident  that  with  the  fixed/recorded 
number  of  gray  traces  an  average  multitude  /Ft  in  the  case  of 
nucleon-nuclear  collisions  is  noticeably  more.  This  means  that  the 
cascade  recoil  nucleons  (g-particle)  in  nucleon-  nuclear  interaction 
on  the  average  betray  nucleus-target  larger  energy  content  how  this 
it  occurs  with  the  interaction  of  two  nuclei. 

As  in  the  case  of  nucleon-  nuclear  collisions,  the  average 
number  of  black  ray/beams  in  stars  with  /!t<16,  formed  by  high-energy 
nuclei,  approximately  is  proportional  to  the  number  of  gray 
ray/beans.  In  other  words,  if  the  number  of  g-particles  is  small, 
then  each  such  particle  gives  on  the  average  the  identical 
contribution  to  the  excitation  energy  cf  nucleus-target.  On  the 
contrary,  in  very  large  stars  an  average  multitude  Fib  becomes, 
apparently,  almost  being  independent  of  the  number  of  gray  ray/beams 
(see  Fig.  465). 


It.  is  possible  to  indicate  a whole  secies  of  the  reasons,  on  the  j 

strength  of  which  is  disrupted  the  proportionality  nt  and  Hg  in 
large  stars.  This,  first  of  all,  is  connected  with  the  fact  that  with 
an  increase  in  the  excitation  energy,  i.e.,  during  passage  to  large  | 

stars  sharply  grow/rises  the  probability  of  the  emission  of  fragments  j 

J 

with  Z 3,  thanks  to  which  substantially  decreases  the  total  number  j 

of  particles,  emitted  by  remanent/residual  nucleus.  Furthermore,  in  | 

cases  when  the  excitation  energy  of  remanent/residual  nucleus  is  very  ^ 

. i 

great,  some  evaporative  particles  can  obtain  this  high  energy,  that 

their  photographic  tracks  are  identified  as  gray;  this  leads  tc  a 

decrease  in  the  set  and  simultaneously  raises  the  number  of  gray 

ray/beams.  The  form  of  distribution  in  Fig.  465  is  very  sensitive  to  j 

this  effect.  There  are  ether  reasons  fer  the  disturbance  of 

proportionality  ni,  and  tig  [44]. 

In  conclusion  let  us  note  that  the  value  cf  the  energy, 
transferred  to  target  nucleus,  is  very  weakly  correlated  with  the  ' 

number  of  mesons,  which  are  formed  during  interaction. 
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?109.  Fora ation/ed  neat  ion  of  a-particles  and  heavy  fragnents. 


The  characteristic  feature  of  the  inelastic  collisions  of  nuclei 
is  the  formation/education  cf  the  considerable  rumber  of  rapid 
a-particles  and  the  heavier  fragments,  which  take  away  the  noticeable 
part  of  the  energy  of  primary  nucleus.  In  nuclecn-  and  pion-nuclear 
collisions  the  formation/education  of  such  high-energy  a-particles, 
but  the  themes  of  heavier  fragments,  is  incomparably  more  rare  event 
(see  Chapter  8 and  9)  .. 

Table  152  shows  that  60-70o/o  of  the  inelastic  collisions  of 
neutral  space  nuclei  in  photoemulsion  is  accompanied  by  the 
formation/education  of  a-particles  and  fragments.  For  the 
interactions  of  heavy  nuclei  this  percentage  is  still  above. 

Because  of  large  ionizin<  power  the  traces  of  high-energy 
fragments  differ  from  the  fine/thin  traces  cf  shower  mesons  and 
nucleons,  at  the  same  time  of  which  it  is  possible  to  differ  from  the 
gray  and  black  traces  of  evaporative  particles,  since  they 
significantly  are  more  powerfully  collimated  in  the  direction  of  the 

j 

] 

J 
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motion  of  primary  nucleus  (see  Fig. 


153  and  ISU).  Difficulties  in  the 


identification  of  these  fragments  appear  only  v during  the  collisions 
of  the  nonrelat ivi Stic  nuclei,  when  the  angles  of  emission  of  rapid 
fragments  are  very  considerable  and  overlap  with  the  angles  of 
emission  of  evaporative  particles  from  target  nucleus.  In  this  case 
it  is  required  more  detailed  analysis,  and  satisfactory  measurements 


can  be  conducted  hardly  ever  [41,  47]. 


During  the  interaction  of  a-particles  with  nuclei  the  fragments 
with  charge  Z = 2 escape,  in  essence,  from  target  nucleus  and  in  the 

same  way  as  this  occurs  in  nucleon-nuclear  collisions,  their  large 
part  has  low  energy;  with  T ^ 1 GeV/nucleon  the  escape  probability  of 
rapid  nuclei  jHe  composes  a total  of  about  5o/o  [4].  In  the 
collisions  of  more  heavy  nuclei  the  probability  of  the 
formation/education  of  relativistic  a-particles  considerably  above 
and  rapidly  grow/rises  with  an  increase  in  the  charge  of  the 
impinging  nucleus-  In  the  photoemulsion  stars,  formed  by  space  nuclei 
with  Z 1 0,  this  probability  comprises  already  about  70o/o  (see 
Table  153) . With  an  increase  in  charge  Z rapidly  grow/rises  the 
number  of  cases,  when  simultaneously  are  bcrn  two,  three  and  larger 
number  of  a-particles. 


rr 
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Table  152.  The  probability  of  the  inelastic  collision  of  space  | 

1 

nucleus  with  an  ener<jy  of  T 1 GeV/nucleon  in  photoeaulsion,  with 
which  this  nucleus  decomposes  to  single-charged  particles  and  N of 
fragments  with  charges  Z 2 [ 19,  38,  4 1,  50  ],  c/o.  i 

1 

1 

1 


lIa;icraKjiiiee  «Apo 

A'  « 0 

A'>0 

N > 1 

A'  > 2 

C.  N,  0 

36+3 

64. i 4 

26  < 2 

6-tl 

Z>  10 

19J:3 

81±6 

49  i:5 

26i3 

Key:  (1).  Inpinging  nucleus. 
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Table  153.  Relative  probabilities  of  the  appearance  of  relativistic 
o-particles  during  the  splitting/fissions  of  different  nuclei  as  a 
result  of  their  interaction  with  photoenulsion. 


(^1')  riepBHMUoe  WAPO 

1 Mnc.no  a-MacTMU  I 

0 

I 2 

3 

, 4 

5 

" a- 

6 

Li,  Be,  B 

96 

60  16 

0 

0 

0 

0 44 

C,  N,  0 

193 

100  57 

26 

0 

0 

0 49 

9<^<19 

67 

58  29 

14 

6 

3 

0 62 

^'>20 

11 

11  9 

5 

2 

3 

0 72 

Note,  is  a portion  of  the  collisions,  as  a result  of  which 

appear  such  a-particles.  The  data  of  tables  are  based  on  the  analysis 
of  770  stars,  formed  relativistic  primary  with  nediura  energy  T ~ 3 
GeV/nucleon  [47], 

Key:  (1).  Primary  nucleus.  (2).  Kuraber  of  a-particles. 
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Table  154.  Average  number  of  a-particles,  uhich  are  Eoraed  during  the 
inelastic  interaction  of  space  nucleus  with  phctoeaulsion. 


jypa  Qj') 


1 


Ca-') 

oifiopa 

T,  r jSjHyUAOH 

"a 

1 

1 ^ 

88 

> 0,23=* 

ZT/n;  hce  sbcmu  ^ 

! I.i,  Be.  B 

0,1  H-  0,5 

0,00  ■ 0,3 

r.m\  » > 

1 

>1,5 

> 0,5=» 

Ein\  > > 

2h-  15 

0,85-»^0,25 

/Tm;  > > 

1 ^ 

2-:  15 

0,5  ' 0,2 

Em\  » » 

1 

•10 

■ 1,0±0,2 

£in;  » > 

1 C.  N’,  0 

>1,5 

0,78  3* 

r.m\  > » 

2-;-  15 

0,73  1 0,13 

fm;  » > 

I 

2-^-  15 

0,87  i 0,15 

LFin\  6 

2h-  15 

0,534-0,18 

HEm-,  >ih>  6 

>7,5 

0,93-i  0,06 

Em;  Bcc  SBeSAU  {S) 

i 

40 

0,83 ' 0,13 

Em\  Tt  > 

40 

1,1  !0,2 

LEm;  n/,  <6 

40 

0,38  + 0,14 

HEm;  nh>  6 

! N 

2~  15 

0,6+0, 3 

Em;  BCC  SBCSAhi 

40 

0,7+0, 2 

Em;  » > 

C,  N,  0.  F 

0,1  -h0,3 

0,67+0,15 

Em;  » > 

0,3-;- 0,5 

0,88-1-0,20 

Em;  » » 

0,1  ■:-0,5 

0,65  ;-0,16 

Em;  » > 

3 

1,25+0,1 

Em;  /!h>  1 

3 

1 ,45  ',0,2 

LEm;  n/,  = 2-+  7 

3 

1,1+0,15 

HEm;  n;,>  8 

3 

0,15  ' 0,04 

//Fm;  n,,  > 28  , + 

Em;  BCC  3BC3AU 

2-^  15 

0,G9j:0,12 

1 0 

2~  15 

0,9  ' 0,2 

Em;  » » 

1 

40 

0,74+0,2 

Em;  j>  » 

0,1  0,3 

0,9  ' 0,1 

Em\  > t 

j 

0,1  0,5 

0,9  0,1 

Em;  » » 

2~  15 

0,9  ' 0,1 

Em;  » » 

2-M5 

1,0+0,14 

LEm;  n/, 6 

2^  15 

0,80  + 0,14 

HEm;  ^ 6 

9<Z<19 

1,5 

IJI  3* 

Em;  BCC  3BC3Ahl(^ 

Z>  10 

0,1  0,3 

1 ,6.+0,4 

Em;  » » 

0,1  -;-0,5 

1 ,5+0,3 

Em;  > > 

3 

1 ,4+0,1 

£m;  nii>  1 

3 

1 ,6  1 0,2 

LEm;  ri)^  2—7 

3 

1,3  ' 0,1 

HEm;  n,.  > 8 

3 

0,6  ' 0,15 

HEm;  /!h+  28 

-! 

2-;-  15 

1 .2  +0,2 

bcc  ; nesjiJ  @ 

1 

1 

i 

2 ^ 15 

1,1  ' 0,3 

LEm;  fi;. 6 

2-M5 

1.3  0,3 

W/r/n;fih>6 

\ 

>7,5 

I,30i^0,09 

£m;  BCC  3BC3AlAi£,) 

1 Z >■  30 

1 

>1,5 

1 ,65  3* 

fm;  > » 

DOC  = 77106909 


PAGE  ^0^ 


Key:  (1).  Space  nucleus.  (2).  GeV/nuclecn.  (3).  Target  nucleus  ^ 
criterion  of  selection. 

FOOTNOTE  ».  See  note  2 to  Table  149.  ENDFCCINOTE. 

(4).  Literature.  (5).  All  stars. 

the 

FOOTNOTE  2.  The  corrected  value  relates  only  to  thos  a-particles 
whose  rate  is  almost  such  as  of  initial  particle.  x^e  only 

relativistic  a-particles.  ENDFCOTNOTE- 
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The  experimental  values  of  an  average/mean  multitude  of 
a-particles  for  different  energies  and  the  different  nuclei,  which 
interact  with  photoemulsion,  are  assembled  in  Table  154.  This 
multitude  sufficiently  weakly  depends  on  energy  of  the  impinging 
nucleus  T,  and  with  fixed  values  of  T and  Z decreases  with  passage  to 
stars  with  the  large  number  of  gray  and  black  ray/beams.  The  latter 
can  be  explained  by  the  more  spallation  of  the  impinging  nucleus 
during  central  collisions. 

The  representation  of  of  the  average/mean  characteristics  of 
photoemulsion  stars,  which  contain  o-particles,  can  be  obtained  frcm 
Table  155. 

Table  156  for  several  most  frequently  being  encountered  in 

practice  substances  are  assembled  the  experimental  values  of  the 
parameters  of  fragmentation  defined  as  the  average  number  of 

fragments  of  the  type"  j",  which  are  formed  during  the 
splitting/fission  of  the  impinging  nucleus  of  the  type  i.  (More 
detailed  data  can  be  found  in  monographs  [41,  47]  and  in  the  article 
[32];  there  it  is  possible  to  find  further  bibliography).  As  is 


evident,  the  nunber  of  fragaents  with  charge  Z ^ 3 coaposes  the  very 
significant  magnitude,  the  large,  the  greater  the  charge  of  the 
iapinging  nucleus.  At  the  saae  tiae  the  paraaeters  of  f ragaentation 
sufficiently  weakly  change  with  an  increase  in  the  aass  of  target 
nucleus  and  energy  of  the  iapinging  nucleus  T. 


r 

t 
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Table  155.  Average  characteristics  of  photoeaulsion  stars  with  the 
a-particles  and  of  the  stars,  which  contain  fragnents  with  charge  Z >y 
3.  Stars  are  formed  by  space  nuclei  with  energy  T > 1.7  GeV/nucleon 
[45]. 


riepBHMHoe 

j'V  3Be3JW  C U-iaCIHHIIMH  1 

^ ‘yj  3bi  iAW  C OChO.lKiiMM  Z ^ 3 

"p 

np 

"0 

^OCK 

3<Z<9 

Z>  10 

Oi 

— lO 

3,0 

8,7 

2,1 

6,0 

4,0 

8,6 

4,6 

7,8 

^ocK  is  the  average  charge  of  the  being  born  fragments. 

Key:  (1).  Primary  nucleus.  (2)  Stars  with  a-particles-  (3).  Stars 
with  fragments. 


DOC  = 77106910  PAGE  ^*{1.0- 


Table  156.  Parameters  of  fragmentation  Pu  for  the 
space  nuclei  with  different  aubstance  with  energy  T 


Interaction  of 
> 7.5  GeV/nucleon 


(0 

ne;>HngHoe 

f y)  <^]^ar^^♦'HTbI  / 

MttuieHb 

HAPO  i 

a 

L 

M 

H 

pa 

yr.icpoii 

L 

0,48+0,11 

0,13  + 0,06 

_ 

1341 

M 

1,05  1 0,11 

0,29  i 0,04 

0,C9  1 0,03 

— 

134) 

H 

1,31+0,15 

0,23.1:0,05 

0,30+0,05 

0,27+0,05 

134) 

BosAyx  (U 

L 

0,51+0,08 

0,15  1-0,05 

_ 

|22] 

M 

1,001-0,08 

0,24  ( 0,03 

0,11.+  0,02 

|22| 

H 

1 ,34  '.0,12 

0,26  1.0,04 

0,29+0,04 

0,17+0,03 

1221 

no.lHSTM.ICH 

L 

0,87  <-0,15 

0,17  1-0,07 

122) 

{V 

M 

0,90- (-0,08 

0,30  v0,04 

0,09 -■-0,02 

— 

|22) 

H 

1,41  1:0,19 

0,36+0,07 

0,16.1-0,05 

0,27.1.0,06 

122) 

M 

0,93+0,06 

0,21+0,02 

0,19  0,02 

16,  43) 

H 

1 ,30+0,09 

0,14  +0,03 

0,33+0,04 

0,31  +0,04 

143) 

Key:  (1).  Target.  (2).  Primary  nucleus, 
literature,  (5).  Carbon-  (6).  Air-  (7). 


(3).  Fragments.  (4). 
Polyethylene.  (8).  Emulsions. 
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Table  157  in  an  exanple  of  interactions  with  the  photoemu Ision 
of  the  neutral  group  of  space  nuclei  shows  the  composition  of  the 


1 

I 

t 

i 


fragments,  which  associate  the  formation  of  different 

remanent/r esidual  nuclei.  The  multiple  producticn  of  fragments,  as  a 

rule,  is  accompanied  by  the  escape  of  one  or  several  o-particles. 

In  order  to  compare  the  probabilities  of  the  formation  of 

different  remanent/residual  nuclei  during  the  splitting/fission  of 

target  nucleus  in  the  collision  of  two  nuclei  and  in  collision 

nucleon  nucleus,  let  us  examine  the  ratio  of  the  number  of  stars 

with  a guantity  of  the  gray  and  black  ray/beams  a < a,<  b,  which 

n 

appear  during  inelastic  interactions  twc  nuclei,  to  the  appropriate 
number  of  stars  from  nucleon-  the  nuclear  interaction: 

It  is  not  difficult  to  consider,  that  this  value  is  equal  to  the 
relation  of  the  yield  cross  sections  of  remanent/residual  nuclei  with 
charges  (2m  — <Z<(Zm  — (a  fl))  in  inelastic  collisions  nucleus  ♦ 

nacleus  and  nucleon  ♦ the  nucleus: 

^-So(Z)„,/:so(Z).v„. 

z z 

Addition  here  is  fulfilled  through  all  charges  from  (Z„  — h) to  (Z„  — (a  ( 1)), 
the  initial  charge  of  target  nucleus.  (Becall  that  each  gray  or  black 
trace  is  connected  with  the  loss  of  one  charge  nucleus  target;  the 
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contribution  of  low-energy  nesons  and  the  snail  number  of  slow 
multiply-charged  particles  can  be  disregarded) - 

The  walaes  of  relation  .‘A  for  the  case  of  the  interactions  of 
space  nuclei  with  photocaulsion  with  r~(2^15)  GeV/nucleon  [3,  19, 
23,  50  ] and  the  proton-nucleus  interactions  with  ir  = 6,2  cef  [60]  are 
shown  in  Fig.  466.  The  fact  that  these  values  differ  significantly 
from  unity,  attests  to  the  fact  that  the  formation  of 
renanent/residual  nuclei  in  two  interaction  modes  in  question  occurs 
differently. 


Fig.  <166.  Talue  of  relation "ft  in  the 

different  intervals  a-b  [44].  Events  with  n/,  = o.  > are  re  ject /thrown. 
Dotted  line  is  an  appr oxination  of  the  average  values  for  the 

case  of  interactions  with  heavy  nuclei. 
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Table  157.  Fragments,  which  are  formed  during  nuclear  disintegration 
C,  N,  0 with  an  energy  of  T ^ 40  GeV/nuclecn  as  a result  of  their 
interactions  with  photoemulsion  [56]. 


\r 

CK'iaroH- 

H«>e  HdpO 

OcKO.'lKH 

— 

* Mmc-io 

OCKO.IKOB 

A/ 

/• 

OcTaV^y- 

Hoe  HAPO 

OCKOAKM 

OCKO/IKOB 

% 

He 

a 

122 

100 

c 

3a 

2Li 

41  ' 

0 

52,6 

0 

Li 

Li 

20 

100 

N 

N 

B !-a 

Li  1 2a 

Li  i Be 

18 

9 

0 

0 

06,7 

33,3 

0 

0 

Be 

Be 

2(X 

14 

91 

13,3 

86,7 

B 

B 

Li  f ® 

23 

15 

60,6 

39,4 

0 

0 

C-i-o 

Be  4-  2a 
4a 

2Be 

Li -I  B 

3 

6 

1 

2 

0 

0 

25.0 

50.0 
8,3 

16,7 

0 

0 

C 

C 

Be  4- a 

26 

11 

33,3 

14,1 

Key?  (1).  Remanent/residual  nucleus.  (2) 
fragments. 


Fragments. 
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In  interval  value  Jl  is  close  to  unity.  This 

it  is  possible  to  explain  themes  that  into  this  interval  fall  the 
stars,  caused  by  interactions  both  with  light/lung  and  with  heavy  by 
the  components  of  photoemulsion.  In  the  first  case  frequently  cccurs 
the  virtually  complete  the  disintegration  of  target  nucleus 
regardless  of  the  fact,  is  the  incident  particle  nucleus  or  nucleon. 
During  interaction  with  heavy  component,  the  nature  of  incident 
particle  also  is  not  very  important,  since  stars  with  < 6 are 
formed,  in  essence,  during  peripheral  collisiors  with  target  nucleus. 


I A decrease  in  the  values  with  Oh  — 6 cccurs  because  of  the 

fact  that  interactions  with  light  nuclei  give  contribution  only  with 
nh  ^ 6. 


I Large  stars  with  the  number  of  ray/beams  n/,>6  ace  most 

convenient  for  the  comparison  of  the  prcbakilities  of  the  formation 

j of  remanent/residual  nuclei,  since  in  this  case  we  deal  only  with  one 

’ group  of  heavy  target  nuclei.  The  value  of  relation  J?  here 

■1 

1 

considerably  differs  from  unity:  if  the  formaticn  of 
I remanent/residual  nuclei  with  charge  (Zs,  - 20)  more  probably  in 
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nucleon— nuclear  collisions,  then  light  nuclei  with  an  even  smaller 
charge  are  formed  predominantly  in  collisions  nucleus  ♦ nucleus. 


0 


30 


60 
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Fig-  467.  The  angular  distributions  of  rapid  prctons  (•‘^p>t>u  MeV)  , 
that  are  forned  during  the  bonbardaent  of  photceoulsion  with 
deuterons  with  energy  continuous  histograms  are  the  calculation 
for  the  aediuB  nucleus  of  photoeaulsion  ^OGa  according  to  cascade 
model  without  talcing  into  account  of  the  diffusivity  of  nuclear 
boundary  (see  §112) ; dotted  line  - the  experimental  data  from  works 
[5.  53]. 


Key;  (1).  deg-  (2).  MeV- 

Fage  619. 

§110.  Angular  distributions  of  secondary  particles. 

deuteron-  nuclear  interactions.  The  distritutions  of  the  angles 
of  eaission  of  particles,  which  are  born  in  the  inelastic  collisions 
of  deuterons  with  nuclei,  are  similar  tc  these  observed  in  the  case 
nucleon-  of  nuclear  interactions  with  energy  T^Td!2,  if  we  do  not 
consider  the  sharp  peak  in  the  region  of  very  stall  angles,  caused  by 
the  processes  of  the  disintegration  of  deuteror  as  a result  of  the 
peripheral  processes  of  stripping,  coulomb  and  diffraction 
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splitting/fissions  (Figs.  467  and  468)  . 

Hith  an  increase  of  energy  of  deuteron  secondary  particles  ever 
more  are  concentrated  in  the  region  of  small  angles.  At  the  fixed 
value  of  primary  energy  the  passage  to  heavier  targets  is 

accompanied  by  the  broadening  of  the  angular  distribution,  which, 
however,  it  is  very  small.  For  example,  with  Td  = 190  He?  in  work  [30] 
for  the  average  half  angle  O,  ^ is  obtained  the  dependence 

Oj /2  = (0, 1 55  i-  0,0006Z).  (11-1) 

A sevenfold  increase  of  the  charge  from  Z = 13  (aluminum)  up  to  Z = 

92  (uranium)  is  accompanied  only  by  a 30o/o  increase  in  the  angle 

Angular  particle  distributions  in  collisions  a + nucleus.  The 
typical  angular  distributions  of  the  charged  shower  particles  for 
this  case  are  shown  in  Fig.  469  and  47C.  Peak  in  the  region  of  small 
angles  is  almost  wholly  caused  by  the  contribution  of  the  very  rapid 
protons  whose  energy  is  close  to  the  initial  energy  of  the  nucleons, 
which  was  a part  of  the  impinging  a-particle:  JT  cnTJi.  one  should  also 

expect  that  certain  impurity/admixture  in  the  region  of  small  angles 
give  the  protons,  which  were  being  formed  in  the  course  of 
intranuclear  cascade  within  target  nucleus.  The  secondary  mesons  are 
distributed  in  considerably  wider  angular 


interval. 
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Fig.  468.  The  angular  distributions  of  the  protons  (in  arbitrary 
unity),  formed  during  nuclear  bombardment  A1,  Cu  and  Pb  by  deuterons 
with  energy  T = 2. 1 GeV.  Histograms  are  the  calculation  according  to 
cascade  theory  taking  into  account  the  diffusivity  of  nuclear 
boundary  (see  §112);  point  - the  experimental  data  from  work  [36]. 

Page  620. 

The  special  role  of  protons  with  energy  S'  o^TjA  is  exhibited 
with  smaller  energies  of  a-particles  (order  several  hundreds  of 
million  electron  volt).  This  is  distinctly  evident,  for  example,  in 
angular  distribution  of  singly  charged  secondary  particles  in  Fig. 
470.  Secondary  particles  at  velocities,  clcse  tc  the  speed  of  primary 
a-particle,  always  have  very  small  angle  of  emission.  All  this 
indicates  that  secondary  particles  with  energies  S' ^ TJA  are  the 
nucleons,  which  was  earlier  part  of  the  impinging  a-particle  and 
noninteracted  with  target  nucleus. 

In  comparison  with  the  angular  distribution  of  shower  particles 
from  inelastic  nucleon-nuclear  interactions  the  shower  particles, 
which  are  formed  in  collisions  a * nucleus,  have  distribution,  more 
concentrated  in  the  region  of  small  angles.  This  is  observed  both 
with  small  and  during  high  energies  (see  fig.  468-471  and  Table  158) 
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The  typical  angular  distributions  cf  gray  and  black  ray/beams  in 
the  stars,  which  are  foraed  during  the  inelastic  collisions  of 
a-particles  with  the  nuclei  of  photoeoulsion,  are  shown  in  Fig.  469. 
In  the  nargins  of  error  in  the  Dieasurenents  these  distributions  do 
not  differ  from  the  appropriate  angular  particle  distributions  from 
nucleon-nuclear  collisions. 

Figure  471  shows  the  distributions  of  secondary  doubly  charged 
particles-  The  differences  for  interactions  p ♦ Em  and  a ♦ Era  in  this 
case  also  in  practice  are  not  observed.  In  both  cases  of  distribution 
K (fl)  sufficiently  insignificantly  they  differ  from  isotropy  with  the 
small  advantage  of  the  escape  of  particles  into  forward  half  sphere. 
All  this  makes  it  possible  to  assert  that  the  doubly  charged 
particles  in  inelastic  collisions  a ♦ Em  (in  essence  this  o-particle) 
are  formed,  mainly,  in  the  process  of  evaporation. 


i 

1 
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Fig.  469-  The  angular  distributions  of  the  secondary  charged 
particles  in  the  photoemulsion  stars,  forned  by  space  protons  and 
o-particles  with  an  energy  of  T,  greater  than  1 GeV/nucleon  f18]. 

i 

Key:  (1),  particle.  (2).  deg. 

] 

'j 

Fig-  470.  The  angular  distribution  of  shower  particles  in  the  i 

photoenulsion  stars,  formed  by  space  a-particles  with  an  energy  of  T,  ^ 

greater  than  6 GeV/nucleon  [4]  (by  dotted  line  is  noted  the  | 

distribution  of  the  secondary  very  rapid  protons)  . , 

I 

'i 

Key:  (1).  deg-  ■ 

.J 

i 

Table  158.  The  average  half  angle  of  emission  cf  shower  particles  in  ^ 

•i 

inelastic  collisions  a ♦ Em  with  very  high  energies  (according  to  the  1 

t 

data  [29];  were  take/selected  cnly  events  with  «*>'*) 


T.  (ri 

fse/hj/KAOH 

0)/2- 

~ 15 

?2,0j-6,5 

~ 125 

5,3j-.0,9 

f 

I 

I 


i 

4 

i 

i 

* 


Key;  (1).  GeV/nucleon.  (2).  deg. 
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Shower  particles,  which  are  born  during  the  collisions  of  more 
heavy  nuclei.  The  angular  distributions  of  the  shower  particles, 
which  are  born  in  the  inelastic  interactions  of  nuclei  with  charge  Z 
> 2,  in  general  terms  the  same  as  for  collisions  a ♦ nucleus. 
Particles  are  strongly  collimated  in  the  region  of  small  angles;  with 
a decrease  in  the  angle  Q sharply  grow/rises  the  contribution  of 
protons  with  the  energies,  close  to  energy  of  the  nucleons,  which  was 
a part  of  the  impinging  nucleus.  This  ore  can  see  well,  in 
particular,  in  Fig.  472,  where  are  given  the  angular  distributions  of 
the  shower  particles,  formed  in  photoemulsicn  by  the  neutral  group  of 
space  nuclei  with  an  energy  of  T 40  GeT/nuclecn.  In  the  stars, 
where  the  number  of  relativistic  protons  close  to  the  total 
number  of  shower  particles  n„  the  average  angle  cf  emission  of 

particles  is  considerably  less  than  in  the  stars,  where  is  great  the 
number  of  mesons  rin- 

Figure  473  gives  the  angular  distributions  of  shower  particles 
from  the  interactions,  generated  by  space  nuclei  with  charge  7^3 
and  energy  T ^ (2-15)  GeV/nucleon.  As  in  Fig.  472,  is  distinctly 
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cbsecvable  sharp  peak  in  the  region  of  very  snail  angles  (at  8-^  3°). 
Fron  the  fact  that  was  said  in  the  preceding/previous  sections,  it  is 
possible  to  expect  that  this  peak  was  forned  by  the  protons,  which 
did  not  experience  direct  collisions  with  intranuclear  nucleons;  the 
protons,  which  participated  in  intranuclear  collisions,  and  the  newly 
born  in  this  case  particles  were  distributed  in  wider  angular  cone 
around  the  central  cone  of  the  protons. 


In  order  to  explain,  is  how  justified  this  picture.  Fig.  473 
shows  the  angular  distributions  of  the  pions,  which  were  being  formed 
in  N - N-collisions  with  the  energies,  close  to  the  medium  energy  of 
the  nucleons  of  the  impinging  nucleus  T = 5-10  GeV.  Distributions  are 
calibrated  to  the  total  number  of  shower  mesons  nn  = 2 (n,  — /?;,), where  the 
addition  it  is  fulfilled  through  all  that  which  was  recorded  stars 


FOOTNOTE  The  distributions  of  mesons  are  calculated  under  the 
assumption  of  isotropic  dispersion/divergence  and  constant 
momentum/impulse/pulse  in  the  cent er-of-gravity  system  N ♦ N [ 3 ]- 
However,  because  of  the  effect  of  the  relativistic  compression  of 
angles  with  passage  to  the  laberatory  coordinate  system  these 
simplifications  are  unessential,  and  distributicn  in  Fig.  473  can  be 
considered  the  sufficiently  good  approximation  of  the  true  angular 
distribution  of  pions.  ENDFOOTNOTE. 
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In  region  6 > 25®,  i.e.,  during  cos  0 < O'.S,  the  experiaental 
distribution  of  shower  particles  will  agree  well  with  calculated 
which  together  with  Fig.  472  confiros  assuirpticn  about  the  fact  that 
the  overwhelming  majority  of  the  s-particles,  which  escape  at  wide 
angles,  are  pi-mesons.  As  concerns  disagreements  at  small  angles, 
they  they  are  represented  by  too  considerable  in  order  that  them  it 
would  be  possible  to  ascribe  tc  inaccuracies  in  the  calculation  of 
the  distribution  of  mesons,  to  explain  by  statistical  errors  in  the 
experimental  histogram  or  to  interpret  only  as  contribution  of 
several  noninteracted  protons  of  primary  nucleus.  Apparently,  it  is 
more  reasonable  to  assume  that  for  peak  in  the  region  of  very  small 
angles  are  significantly  critical  the  protons,  which  are  formed 
during  the  processes,  connected  with  splitting/fission  and  the 
subseguent  evaporation  of  the  impinging  nucleus  (comp,  with  Fig. 

459)  . 
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Pig.  471.  Angular  distributions  of  seccndary  one-and  doubly  charged 
particles  in  the  photoemulsion,  irradiated  by  protons  with  energy  T 
94  neV  [31]  and  a- particles  with  energy  T = 88  MeV/nucleon  [49]  (by 
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shading  is  noted  the  contribution  of  particles  at  velocities, 
approxinately  equal  to  the  speed  of  prinary  o-particle) . 

Key:  ( 1)  . deg. 


Page  622. 

Along  with  the  total  angular  particle  distribution  s-  of  all 
stars  in  left  Fig.  473  is  shown  also  the  distribution  of  shower 
particles  only  for  stars  with  the  number  of  gray  and  black  traces  ;i„>^ 
and  containing  not  one  rapid  fragment.  Such  stars  can  be 
considered  as  result  of  the  central  collisions  cf  the  impinging 
nuclei  with  the  heavy  nuclei  of  photoemulsion.  Between  two 
distributions  occurs  excellent  agreement  in  interval  9 = 3.9-12®  (in 
this  interval  both  distributions  are  calibrated  to  the  identical 
number  of  particles),  at  the  same  time  peak  at  6 < 2.2®  completely  is 
absent  from  the  group  of  the  events,  which  correspond  to  central 
collisions,  as  this  it  was  to  he  expected,  on  the  basis  of  our 
assumption  about  the  origin  of  particles,  forming  this  peak. 

In  three  right  figures  473  (a,  b and  c)  the  total  angular 
distribution  for  central  collisions  are  represented  depending  on  the 
number  of  h-ray/beams  in  star.  Distributions  ate  again  calibrated  to 


the  identical  nuaber  of  particles  in  interval  6 = 3.9-12°.  In  Fig.  a, 
vhich  corresponds  to  interactions  with  the  light  nuclei  of 
photoenulsions  and  to  peripheral  collisions  with  its  heavy  component, 
is  distinctly  observable  narrow  peak  at  9 < 2.2°.  The  particles, 
vhich  give  the  contribution  to  this  peak,  can  te  the  noninteracted 
with  target  protons  of  the  impinging  nucleus  and  the  protons,  which 
arose  as  a result  of  evaporation  or  in  the  process  of  more  rapid 
decooposit ion/deca y of  the  highly  excited  fragments  of  the  impinging 
nucleus.  Such  fragments,  as  a rule,  are  formed  during  peripheral 
collisions,  when  with  target  nucleus  intensely  interact  a total  of 
several  nucleons  of  the  impinging  nucleus;  energy  and  angle  of 
emission  of  fragment  are  close  to  the  appropriate  values  for  a parent 
nucleus. 

Distributions  in  Fig.  b can  be  compared  to  collisions  with  the 
heavy  nuclei  of  photoemulsion.  Peak  in  the  region  of  small  angles  in 
this  case  appears  considerably  smaller.  This  is  caused  themes  that 
the  probability  to  the  nucleon  of  the  impinging  nucleus  to  fly 
through  target  nucleus  or  past  it  without  interaction  considerably 
decreases  as  a result  of  an  essential  increase  in  the  size/dimensicns 
of  this  nucleus.  I t is  possible  therefore  to  consider  that  the  basic 
contribution  to  the  shaded  region  in  Fig.  b give,  apparently,  the 
protons,  which  arose  in  the  processes  of  evaporation  and 
decomposition/decay  of  the  excited  fragments,  which  chipped  off 
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during  peripheral  collisions. 


Fig.  *i72.  The  angular  distribution  of  a-particles  froa  the  stars, 
foraed  in  photoenulsion  by  nuclei  C,  N,  0 with  an  energy  of  T 40 
GeV/nucleon  [56]:  in  loner  figure  x.  e - distribution  for  stars  with 
the  snail  and  large  nunber  of  being  born  nesons "p  (respectively 

".n  < "p  ■=  ". 

and  "p  ><)•«".)• 


Re  y : ( 1 ) . • 
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Fig«  473.  Angular  distribution  of  the  frequency  of  the  escape  of 
shower  particles  in  stars  with  the  different  nuirber  of  h-ray/beams, 
formed  by  space  nuclei  during  T (2-15)  GeV/nucleon  [3]:  continuous 
histograms  is  a result  of  measurements  for  all  stars  with  the 
indicated  in  figure  value  broken  histograms  - the  result  of 

measurements  for  "central"  collisions  with  the  heavy  nuclei  of 
emulsion.  By  shading  is  noted  the  contribution  of  the  protons  whose 
part  was  a part  of  the  impinging  nucleus,  and  another  part  was  formed 
upon  decay  of  the  highly  excited  fragments  of  this  nucleus.  In  the 
left  figure  is  separately  represented  the  distribution  for  the 
interval  of  angles  0 ^ 12®;  by  continuous  and  dctted  curves  are  shown 
the  distributions  of  the  pions,  which  were  being  born  in  N - 
N-collisions  respectively  with  energy  T = 5 and  10  GeV. 

Key;  ( 1)  . deg. 

Page  624. 

In  distributions  in  Fig.  c,  which  correspond  to  central 
collisions  with  heavy  nuclei  and  which  are  accompanied  by  the  almost 
complete  splitting/fission  of  the  impinging  nucleus  on  separate 
nucleons,  the  peak  in  the  region  of  small  angles  entirely  disappears. 
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Thus,  the  observed  in  experiment  structure  of  the  angular 
distributions  of  shower  particles  will  te  in  cciplete  agreement  with 
cur  picture  of  the  inelastic  collision  cf  two  nuclei. 


The  supplementary  confirmation  of  the  considerable  role  of 
evaporative  particles  in  narrow  cone  at  0 < 2.2°  can  be  obtained,  if 
we  among  the  stars,  which  give  the  contribution  to  distributions  in 
Fig.  a,  select  those,  that  correspond  to  the  collisions  of 
approximately  identical  nuclei,  in  this  case  on  the  strength  of 
symmetry  number,  energy  and  angles  of  enission  cf  s-particles  in  the 
systems  of  the  coordinates,  where  either  the  impinging  nucleus  or 
target  nucleus  are  found  in  rest,  on  the  average  must  be  identical. 
Therefore,  converting  into  the  system  of  the  rest  of  the  impinging 
nucleus  the  angles,  which  black  ray/beams  have  in  the  laboratory 
coordinate  system,  it  is  possible  to  obtain  the  distribution,  which 
approximately  coincides  with  the  angular  distribution,  which  in  the 
laboratory  coordinate  system  they  have  particles,  which  were  being 
formed  as  a result  of  the  evaporation  cf  the  fragments  of  the 
impinging  nucleus. 

As  showed  the  calculations,  made  in  wcrk  [3],  the  obtained  in 
this  way  distribution  is  really/actually  concentrated  in  region  0 < 


I 

! 


Distribution  of  gray  ray/beans  in  the  collisions  of  nuclei  with 
Z ^ 3.  In  Fig.  474  angular  distributions  cf  gray  ray/beaas  from  the 
stars,  formed  by  the  space  nuclei  of  different  energies,  are  ccmpated 
with  angular  to  particle  distributions  g-  from  proton-nucleus 
interactions.  During  T p 1 GeV  these  d istr ituticns,  in  spite  of  a 
difference  in  the  kinetic  energies  of  bombarding  protons  and  nuclei 
and  different  targets,  are  close  to  each  other- 
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Fig.  474,  The  angular  distributions  of  the  gray  ray/beams  dN/dQ  in 
the  stars,  which  were  being  formed  during  interactions  with  the 
photoemulsion  of  protons  and  space  nuclei  with  an  energy  of  T, 
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GeV/nucleon«  Continuous  and  broken  line  of  histogram  in  the  upper 
figure  - respectively  the  interaction  of  nuclei  and  protons  [14,  46]. 
Energy  of  g-particles  HeV.  Continuous  histogram  in  lower 

figure  is  distribution  for  Interactions  nucleus  ♦ Em  [46],  dotted 
line  is  experimental  data  Lcka,  etc.  [ 37]  for  interactions  p ♦ NEm 
with  T = 9 50  HeV.  Energy  of  g-  particles  in  lower  figure  ^ ^25  HeV. 

Key:  (1).  GeV/nucleon.  (2).  deg. 

Fig.  475.  The  angular  distribution  of  gray  ray/teams  in  the  stars, 
formed  daring  the  interactions  of  space  nuclei  with  light/lungs  ('’*<6) 
and  with  the  heavy  > 6)  nuclei  of  phctoemulsion.  Energy  of  the 
impinging  nuclei  T^2-15  GeV/nucleon  [3]. 


Page  625. 

The  angles,  hearth  by  which  outgoing  particles  with  gray  traces,  are 
sufficiently  weakly  sensitive  to  the  number  of  h-ray/beams  in  star 
(Pig.  475).  All  this  indicates  that  in  the  case  of  the  collision  of 
two  nuclei  of  g-particle  also,  apparently,  they  are  the  recoil 
nucleons,  which  were  being  formed  in  target  nucleus  in  the  course  of 
the  rapid  (cascade)  stage  of  process. 
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SomeHhat  different  situation  in  the  region  of  energies  T,  which 
do  not  exceed  several  hundreds  of  nillicn  electron  volt  by  nucleon; 
in  distributions  W (fl)  during  the  collisions  of  two  nuclei  in  this 
case  is  observed  the  considerable  surplus  cf  gray  traces  at  small 
angles  & < 10-20®.  This  is  caused  themes  that  with  low  energy  T 
g-particles  are  still  many  protons,  emitted  in  the  processes  of 
evaporation  and  rapid  decoraposition/decay  of  the  excited  fragments  of 
the  impinging  nucleus  (see  Fig.  459).  Tc  these  protons  there  is  no 
conformity  in  nucleon-  nuclear  collisicns;  therefore  the  latter  one 
should  compare  only  with  the  distributions  of  g-ray/beams  from  the 
central  nuclear  collisions,  when  the  impinging  nucleus  almost 
completely  disintegrates  to  nucleons  and  is  not  formed  its  excited 
fragments.  Figure  476  shows  that  the  contrituticn  in  the  interval  of 
small  angles  really/actually  originates  from  peripheral  collisions. 
The  histogram,  which  relates  to  central  collisicns,  is  sufficiently 
close  to  the  distribution  of  gray  ray/beams  in  proton-nucleus 
collisions.  ("  Central”  collisions  in  fig.  476  are  approximately 
determined  from  the  condition  that  in  the  star  would  be  not  more  than 
cne  a-particle  and  not  at  all  would  he  heavier  fragments;  all  the 
remaining  collisions  were  considered  "peripheral".  ) 

^uring  6 > 20®  distributions  of  gray  ray/teams  from  central  and 
peripheral  collisions  coincide;  this  is  connected  with  the  fact  that 
as  a result  of  purely  kinematic  relationship/ratios  (see  Fig.  459) 
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virtually  all  protons,  emitted  by  the  excited  fragments  of  the 
impinging  nucleus,  escape  into  interval  9 < 20®.  For  this  same 
reason,  independent  of  the  nature  of  incident  particle,  turn  out  to 
te  identical  angulai  particle  distributions  g-  to  energies  y -^30  — 
MeV  in  Fig.  477- 


Fig-  476-  The  angular  distribution  of  gray  traces  in  the 
photoesolsion  stars,  which  were  being  focned  during  the  central  (1) 
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and  peripheral  (2)  collisions  of  space  nuclei  with  an  energy  of  T 
C.3-0.4  GeV/nucleon.  The  shaded  region  is  the  contribution  of  the 
protons,  emitted  by  the  excited  fragments  of  impinging  nucleus  [46], 

fi^istr ibutions  are  calibrated  to  the  identical  number  of  particles  in 
interval  Q > 20°.  Energy  of  g-  particles  ^ > loo  HeV. 

Key:  (1).  deg. 

Table  159.  The  mean  angle,  into  which  escapes  the  half  of  particles 
with  black  traces,  the  forming  during  interacticn  space  nuclei  with 
charge  Z 3 with  nuclei  photo-emulsin  [2]. 
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Bee  3Be3flbi  Qy 
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<1.5* 
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69 

<1.5* 

"/.  > 7 

77 

♦ sHcprHJi  7‘=0,6  r.^e-nyKAOH. 


Key:  (1).  GeV/nucleon.  (2).  Criterion  of  selection.  (3).  deg.  (4). 
All  stars. 
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FOOTNOTE  ».  Medium  energy  T = 0-6  GeV/nucleon.  ENDFOOTNOTE- 

Fage  626. 

Black  ray/beaas.  The  typical  angular  distributions  of  black 
ray/beams  in  the  stars,  vhich  are  formed  during  the  interactions  of 
two  nuclei,  are  shown  in  Fig.  478.  Although  in  comparison  with  g-, 
tut  themes  more  with  s-particles,  these  distributions  are 
considerably  more  close  to  isotropic,  is  distinctly  observable  the 
preferred  escape  of  particles  into  forward  half  sphere  (Table  159). 
Hith  T—  2-15  GeV/nucleon  the  relation  of  the  numbers  of  particles, 
which  escape  respectively  into  front/leading  and  rear  hemispheres, 
composes  1-5  ♦ 0.1  and  it  remains  virtually  themes  during  a decrease 
in  the  energy  of  the  impinging  nucleus  T almost  by  two  orders.  Very 
weakly  depends  on  energy  T the  form  of  distribution  W (9), 

The  distributions  of  black  ray/beams  in  the  stars,  formed  during 
the  collisions  of  two  nuclei  and  during  collisions  p ♦ Em,  virtually 
are  not  distinguished. 

All  these  properties  of  b-particles  can  be  understood,  if  we 
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assuae  that  they  are  foraed  in  the  process  of  the  evaporation  of  the 
excited  nucleus#  which  remains  after  the  escape  of  cascade  particles 
from  target  nucleus,  since  this  nucleus  has  sufficiently  noticeable 
speed  in  the  direction  of  the  motion  of  the  impinging  nucleus  (see 
below#  page  631),  angular  particle  distribution  b-  in  the  laboratory 
coordinate  system  is  anisotropic. 
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Fig-  tt77.  Angular  distribution  of  g-particles  with  energy  ^ = 30-1.00 
BeV:  in  the  left  figure  are  compared  the  distritutions  from  the 
stars,  formed  by  space  nuclei  in  two  different  energy  bites;  during  T 
= 0- 1-0. 3 GeV/nucleon  (1)  and  during  T = 0.3-0. U GeV/nuclecn  (2).  In 
the  right  figure  are  compared  the  angular  distributions  from 
interactions  nucleus  ♦ Em  and  p Em  during  T - 0.3-0. 5 GeV/nuclron 
[14]. 

Key:  (1).  deg. 


Fig.  478.  Distribution  of  the  angles  of  eoissicn  of  the  b-  particles, 

which  are  foraed  during  the  interactions  of  space  nuclei  with 

photoewulsion  with  the  different  energies  T,  GeV/nucleon  [46].  By 
points  in  the  left  figure  is  shown  the  distribution  of  black 

ray/beaas  in  proton-nucleus  collisions  during  t — 0.3-0. 4 GeV  [14], 


V 


Page  527. 

Some  different  in  distributions  during  small  and  during  the  high 
energies  T in  right  Fig.  478  can  be  explained  by  the  supplementary 

contribution  in  the  range  of  the  small  angles  of  the  low-energy 
protons,  emitted  by  the  t xcited  fragments  of  the  impinging  nucleus 
(see  the  solved  kinematic  region  for  protons  with  T ^ 100  MeV/nucleon 
in  Fig.  459) . 

The  angular  i i str ibut ions  of  o-particles  and  heavy  fragments. 

The  distribution  of  doubly  charged  particles  from  inelastic 

collisions  a ♦ Em  was  already  given  in  Fig.  471.  One  should  think 
that  besides  evaporative  particles  and  this  distribution  certain 

contribution  give  also  the  rapid  a-particles,  driven  out  into  the 
region  of  small  angles  by  cascade  nucleons  and  mesons.  However,  as  in 
the  case  nucleon-  of  nuclear  interactions,  the  contribution  of  such 
particles  is  insignificant. 

Figure  479  and  480  shows  the  typical  angular  distributions  of 
the  low-energy  and  rapid  a-particles,  which  are  formed  during 
interactions  in  the  photoemulsion  of  space  nuclei  with  charges'2.^  3- 
Papid  a-particles  escape,  in  essence,  at  small  angles  and  them  it  is 
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possible  to  examine  as  arisen  as  a result  of  the  evaporation  (or 
rapid  decoinposit  io  n/decay)  of  the  fraqirents  of  the  irapinqing  nucleus. 
Corresponding  calculation,  made  on  the  assumption  that  in  the  system 
of  the  rest  of  each  of  these  fragments  the  dispersion/divergence  of 
a-particles  occurs  isotropically  with  iredium  energy  2— 3 

MeV/nucleon,  gives  distribution  well  agreeing  themselves  with 
experimental  (for  example,  see  broken  histogram  in  average/mean  Fig. 

480).  Divergences  occur  only  at  wile  angles,  where  there  are 
a-particles,  which  it  is  difficult  to  explain  by  evaporative  process; 
most  likely  these  particles  are  formed  by  means  of  their  direct 
knocking  out  from  target  nucleus  by  rapid  cascade  nucleons  and 
mesons. 

With  an  increase  in  the  energy  of  the  impinging  nucleus  T the 
angular  distribution  of  a-particles  is  moved  into  region  aver  smaller 
angles  (Table  160)  . 

The  experimental  lata  on  the  dependence  of  the  angular 
distribution  of  a-particles  on  the  charge  of  the  impinging  nucleus 
are  contradictory.  In  works  [19,  23]  their  average  angle  of  emission 
6 noticeably  increases  during  passage  tc  mete  heavy  nuclei.  On  the  ; 


contrary,  in  work  [45]  this  angle  remains  virtually  being  independent 
of  the  charge  of  space  nucleus  (see  Table  160).  The  same  can  be  said 
about  the  averaae/mean  an<i1e  nf  emi5?«ion  nf  franmentc;  wifh  nSarne  7. 
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An  pxanij:le  of  the  angular  distribution  of  such  fragments  is 
given  in  Fig.  480.  Characteristic  feature  here  - the  concentration  of 
fragments  in  the  region  of  small  angles. 
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Fig.  479.  Tlie  angulii  1 istr  ibutioiis  of  a-particles  in  the  stars, 
formed  by  space  nuclei  with  a different  energy  of  T: 

a)  the  distribution  of  sfiower  a-particies  f45];  continuous  histograms 
in  Fig.  b)  and  c)  - for  a-particles  with  energy  J with  respect  > 

SO  !1eV/nucleon  and  14-100  MeV/nucleon  f 46  ] ; broken  histogram  in  Fig, 

b)  - the  distribution  of  the  a-particles,  wnich  are  formed  during  the 
evaporation  of  the  fragments  of  colliding  nucleus  (calculation  [46]); 
shaded  area  in  Fig.  c)  - the  contribution  of  slew  a-particles  with 

; continuous  and  dotted  curves  in  Fig.  c)  are 
designed  according  to  the  theory  of  evaporation  in  assumption  that 
the  excited  r emanen t/r os idu a 1 target  nucleus  has  a velocity  3 = v/c 
in  the  direction  of  the  motion  of  the  impinging  nucleus,  equal  to 
with  respect  0,015  and  0.024. 

Key:  (1).  GeV/nucleon. 

Page  628. 

Average  characteristics  of  the  stars,  which  contain  fragments 


Me  V/nucleo n 


with  Z ^3,  per  ccis  Icn  y 1^  Tabl.  155.  These  characteristics 
comparatively  differ  little  from  the  characteristics  of  stars  with 
a-particles;  partly  this  is  explained  themes  that  the  a-particles  and 
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heavier  fragments  are  observed  in  one  and  tne  same  stars. 


gill.  Energy  of  particles. 


The  information  about  energy  particle  distributions  during  the 
inelastic  collisions  of  two  nuclei,  by  which  we  avail  at  the  present 

time,  is  very  scanty.  Except  one  experiment  on  deuterons  (Fig.  481) 
we  actually  nothing  know  about  the  energy  properties  of  shower 

particles  and  have  only  several  partial  data  on  energy  distribution 
among  strongly  ionized  particles. 


The  general  idea  of  the  character  of  the  energy  distribution  of 
the  gray  ray/beams,  which  are  formed  during  the  collision  of  t wc 
nuclei,  can  be  obtained  from  Fig.  482.  During  T ^ 1 GeV  this 
distribution  is  very  close  to  the  energy  distribution  of  g-particles 
from  nucleon-nuclear  collisions.  Being  based,  however,  on  the  given 
above  data  on  angular  distributions,  it  is  possible  to  expect 
noticeable  differences  with  energies  T cf  the  crder  several  hundreds 
cf  million  electron  volt  to  nucleon. 
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Table  160.  Root-mean-squate  angle  o-^/rt^  . to  the  direction  of  the 

motion  ot  the  space  nucleus,  hearth  by  which  in  the  laboratory 
coordinate  system  escape  the  formed  in  photoemulsion  a-particles  and 
heavier  fragments. 


l)  5Ia|)0 

T,  r beinyuAOH 

e. 

epad  (3  ^ 

a-HacniUhi 

OcKO.TKH  c Z ^ 3 

Li,  Bo,  B 

I 5 

1,1  ^-0,14  |I9,  23) 

3 < Z < 9 

>1,7 

0,99±0,I4  145] 

0,47+  0,14  145] 

C,  N,  0 

>1,5 

>9 

l,47±0,ll  1)9,  23] 
0,62+0,07  119,  23] 

0,48+0,06  119,  23] 

Z>9 

>1,5 

>9 

1 ,83±0,18  119,  23] 
0,69+0,07  |19,  23] 

1,2  + 0,13  (19,  23] 

Z>  10 

>1,7 

1,14  ^ 0,13  145] 

0,52+0,10  [45] 

Z > 20 

1 ,5 

2,52  !;0,26  [19,  23] 

1 

— 

Key:  (1).  Nucleus.  (2).  T,  GeV/nucleon,  (3).  deg- 
(5).  Fragments  with  Z ^ 3. 
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Fig-  480.  Th“  angular  distributions  of  a-particles  and  fragments  with 
charge  Z ^ d,  which  were  being  formed  during  the  bombardment  of 
photoemulsion  with  space  nuclei  with  charges  Z ^3  and  energy  T s. 

2-15  GeV/nvicleon  [453- 

Key  (1).  in,  deg- 
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Table  Ibl.  Mean  icinetic  energy  of  particles  with  gray  and  black 
traces. 
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_ Ci 

BaaHwojeflcTbHe 

: T, 
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S' n , Mst 
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b, 

p ! Fm  |8l 

9 

120  rl2 

1!±I0 

flApo  l.'rn  1H| 

(/  ^ 3) 

2 ;-15 

I34±5 

10,9  -.0,5 

Key:  (1).  Interaction.  (2).  T,  GeV/nucleon.  (3). 
Nucleus  + Fm. 


g,  MeV.  (4) 


Page  629. 


The  average  kinetic  energies  of  the  b-particles,  which  are 
foried  in  inelastic  collisions  nucleus  * Em  and  p * Em,  are  also 
close  to  each  other  (see  Table  161). 

Figute  483  shows  dual  differential  distributions  for  range  low 

energy  T.  These  distributions  ate  explained  well  by  the  theory  of 
evaporation  (as  it  is  shown  in  work  [15],  in  this  way  it  is  possible 
to  explain  about  95o/o  of  all  emitted  protons) . 
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Fig.  481.  The  moaentum  distribution  of  the  protons  (in  arbitrary 
units),  formed  during  inelastic  interaction  with  nuclei  Al , Cu  and  Pb 
cf  deuterons  with  energy  Tj  = 2.  1 GeV.  Histograms  are  the 
calculation  according  to  cascade  theory  taking  into  account  the 

diffusivity  of  nuclear  boundary  (see  §112)  ; point  - the  experimental 
da  ta  from  work  [ .16  ]. 
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Fig.  482.  Number  distribution  of  gray  ray/teams  according  to  the 
value  of  their  energy  [3]: 

1 - for  the  photoe  tnulsion  stars,  formed  by  space  nuclei  with  an 
energy  of  T - 2-15  GeV/nucleon;  2 - energy  distribution  for 
interactions  p ♦ * ooRu  during  T - 940  MeV,  designed  according  to 
cascade  model. 

Key:  (1).  GeV. 
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Fig.  484.  The  energy  distribution  of  a-particles  from  interaction 
nucleus  *■  Em  during  T - 2-15  GeV/nucleon  [46]; 


1 - experiment  for  interval  of  20  < s'  < 200  fleV;  2,  3 - the 
calculation  according  to  vaporization  theory  with  the  indicated  in 
figure  values  of  the  parameters  (P  is  the  velocity  of  target  nucleus 
which  it  had  during  the  process  of  evaporation). 
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In  the  distribution  of  a-particles  of  the  high-energy 
interactions  of  space  nuclei  with  photoemulsion  attention  is  drawn  to 
the  rather  large  number  of  particles  with  energy  jT  > 50  HeV  (i.e. 
larger  than  10-15  !^eV/nucleon)  whose  emission  it  is  not  possible  to 

ascribe  to  the  process  of  evaporation  (Fig.  48h  and  485).  It  is 
necessary  to  think  that  these  are  the  particles,  which  arose  as  a 
result  of  their  direct  knocking  out  from  target  nucleus  in  the  course 
of  the  rapid  stage  of  interaction.  The  latter  is  confirmed  also 
themes  that  almost  all  these  particles  escape  into  forward  half 
sphere. 

Table  162  gives  the  experimental  values  of  the  velocity  of  the 

recoil  of  nude  us- target.  This  recoil  of  nucleus  occurs,  in  essence, 
because  of  the  absorption  of  cascade  g-particles.  In  comparison  with 

the  unklon-nuclear  interactions  during  collision  of  two  nuclei,  speed 
of  p is  noticeably 


more 
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Tables  162.  Velcx:ity  of  i-hc  recoil  of  target  nucleus 


1 PaaMMo- 
AcACTBHe 

r,  rS0/Ml/K^OH 

P 

JlHiepa- 

Typa 

P i 

9 

0,014 

116,  24] 

14 

0,010 

112] 

19 

0,015 

117] 

24 

0,015 

|24] 

25 

0,010 

112] 

5iaro 
> 3) 

< 1 ,5(T  = 0.6) 

0,043 

[2] 

<1,5 

0,060  (n,.<7) 

|2] 

< 1,5 

0,036  (n^  > 7) 

|2] 

>1,5 

0,029 

12] 

>1,5 

0,029  (n^  > 7) 

[2] 

2-H15 

0,022 

13,  44] 

Key:  (1).  Interaction.  (2).  T,  GeV/nucleon.  (3).  Literature.  (4) 
Nucleus  ♦Em  (Z  ^ 1)  . 
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Fig.  485.  Energy  Jistribution  of  a-particles  in  the  stars,  formed  by 
space  nuclei  with  an  energy  of  T ~ 2-15  GeV/nucleon  [46],  Is  examinoa 
interval  2 0 v<  100  HeV,  e - the  angle  of  emission  of  a - 

particle  in  the  laboratory  coordinate  system.  Curved  on  right  figure 

are  designed  with  the  aid  of  vaporization  theory. 
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5112.  Then ry-de ute ron  of  nuclear  interactions- 


The  calculation  or  inelastic  deuteron-  nuclear  interactions  is 
of  now  special  interest,  in  the  first  place,  in  connection  with  the 
applied  questions  of  the  construction  of  the  high-current  generators 
of  neutrons  (see,  in  particular,  report  [55]),  in  the  second  place, 
as  example,  available  to  a cemparat ively  simple  and  precise 
calculation  and  at  the  same  time  making  it  possible  to  study  a series 
of  the  important  parts,  characteristic  tor  the  interactions  of  nuclei 
(interference  of  intranuclear  cascades,  the  excitation  energy  of 
nuclei,  the  effect  of  the  dittusivity  of  nuclear  boundary  and,  etc). 

The  first  attempt  at  the  calculation  cf  the  inelastic  collisions 
cf  high-energy  deuteroris  with  nuclei  was  undertaken  by  A.  P,  Zhdanovs 
and  F.  G.  Lepekhin,  who  by  the  Monte-Carlo  method  investigated 
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interactions  280-Me'/  of  deuterons  with  carbon  [62].  The  results  of 
the  calculations  of  these  authors  did  not  contradict  assumption  about 
the  mechanism  of  intranuclear  cascade;  however,  inaccuracies  in  the 
calculation  (it  was  examined  a total  of  60  ur  a wings  within  the 
framework  of  the  extremely  simplified  model)  and  the  poverty/scarcity 
of  kncwn  at  that  time  experimental  material  excluded  the  possibility 
of  the  more  determined  conclusions. 

The  use  of  the  high-speed  electronic  computers  maxes  it  possible 
to  fulfill  at  present  the  calculations  of  cascade/stages  with  the 
minimum  theoretical  limitations,  is  accumulated  also  corisi  dera  cle 
experimental  information  for  different  targets.  All  this  makes  it 

possible  to  obtain  completely  s ing le- v alu e d conclusions  about  the 
character  of  inelastic  deuteron-  nuclear  interactions  [ 10,  11,  28]. 

flodel  and  tne  method  of  the  calculation.  Let  us  consider 
deuteron  as  weakly  body-fixed  system,  "dumbLell"  from  proton  and 
neutron,  the  distance  between  wl.ich  is  fix/recorded  and  equal  the 
average  "to  diameter"  of  deuteron  D = 4.,1»10~*3  cm.  The  direction  of 
the  axis  of  such  by  dumh-bells  is  isot rop ical ly  distributed  in  space, 
and  since  the  orbital  anjular  moment  of  deuteron  is  equal  to  zero, 
its  orientation  it  does  not  change  during  metier.  The  attached 
nucleons  have  relative  momentum  p;  to  evaluate  the  distribution  of 
this  momentum/impulse/pulse  we  utilize  the  function 
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being  sguare  the  F ourier-cowponcnts  of  the  approximate  wave  function 
cf  the  deuteron 


I 

f 


As  showed  the  calculations,  the  parts  of  distribution  W (p) 
weakly  manifest  themselves  the  given  below  results  of  the 
ca Iculatiors. 

For  a target  nucleus  let  us  utilize  a model  of  the  degenerate 
Fermi  gas  with  diffuse  boundary. 

The  cases,  when  with  t'-’--  nucleon  of  target  nucleus  interacts 
only  cne  of  the  nucleontj  of  ae  nucleus  of  deuterium,  and  ty  the 
secon  1 it  continues  motion  virtually  without  a change  in  its 
moment  um/i  m pulse/p  ulse  , are  related  to  the  reaction  of  s«-ripping; 
this  reaction  let  us  consider  as  special  case  of  inelastic  deuteron- 


nuclear  interaction  and  is  inc luJe/ccnnected  its  contribution  to  all 
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thp  given  below  results  ot  calculaticnt 

FOOTNOTE  1.  In  oiir  wi^rk  [11]  were  male  also  the  calculations  tor  a 
nucleus  with  sharp  e.lge.  In  this  case  one  snould  count  that  wi^h 
nucleus  interact  only  the  those  deutercns,  the  center  of  gravity  of 
which  passes  from  the  center  or  target  nucleus  at  a distance,  which 
does  not  exceed  P e d/2,  where  R,  a "rigid"  radius  ot  this  nucleus,. 

It  is  necessary  to  keep  in  mind  that  in  model  with  sharp  edge 
the  section  of  stripping  is  obtained  that  which  was  by  somewhat 
understated,  since  the  consequence  of  low  binding  energy  ot  the 
deuteron  of  its  sp 1 itt ing/f iss ion  they  can  occur,  also,  on  the 
distant  diffuse  periphery  of  nucleus.  Nevertheless  in  comparison  with 

serber's  known  model  [52]  such  a calculation  is  all  the  same  is  more 
complete,  since  in  this  case  automatically  is  considered  the 
possibility  of  stripping  within  nucleus  {when  one  of  the  deuteron 
nucleons  passes  the  nucleus  without  inter acrion)  and  unlike  [52]  is 
not  utilized  approach/approximation  D/2R  <<  1.  ENDFOOTNOTE. 

Sometimes  it  proves  to  be  that  the  caught  into  nucleus  nucleons 
of  the  deuterium  (both  nucleons  or  one,  as  it  takes  place  in  the 
reaction  of  stripping)  passes  this  nucleus  without  interaction;  in 
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such  cases  it  is  considered  that  the  deutercn  not  interact  with 
nucleus . 

During  calculations,  generally  spea/cing,  one  should  consider  the 
cases  or  elastic  scattering  the  impinging  deuteron  on  intr an uc lear 
nucleons. 

Page  6 31. 

For  the  calculation  of  such  collisions  it  is  possible  to  utilize 
known  experimental  sections  N - d- reactions.  However,  since  section 
elastic  K - d-reaction  rapidly  decreases  with  an  increase  of  energy, 
elastic  N - d-scatterinq  within  nucleus  very  weakly  affects  the 

results  of  calculations  [11]. 

Let  us  consilf^r  that  with  inelastic  N - d-reaction  the 
intranuclear  collision  (in  the  region  of  energies  of  the  order 

several  hundreds  of  million  electron  vclt  this,  as  a rule,  elastic 
collision)  experience/tests  only  one  of  the  deuteron  nucleons, 
another  nucleon  retains  its  momentum/impuise/pulse-  The  further 
behavior  of  these  nucleons  and  the  behavior  of  the  nucleon,  caught 
into  nucleus  in  the  reaction  of  stripping,  is  examined  in  the 
framework  of  the  usual  model  of  intranuclear  cascade. 
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Thus,  problem  is  reduced  on  the  calculation  of  the  intranuclear 
cascade,  initiate!  immediately  by  two  nucleons  deuteron  dumb-bells  or 
one  of  them  - in  the  case,  when  occurs  stripping.  For  the 
calculations  it  is  possible  to  use  the  circuit,  in  detail  described 
in  chapter  4.  Deexcitaticn  of  the  res  id  ua  1- n uc  leus,  which  was  being 
formed  after  escape  from  the  target  nucleus  of  rapid  cascade 
particles,  let  us  examine  with  the  aid  of  usual  evaporative  model 
(see  Cha  pter  6 ) . 

Sections  deuteron-  of  nuclear  interactions.  The  theoretical  and 

experimental  values  of  the  sections  of  the  interaction  of  deuterons 
with  nuclei  are  given  in  Table  163  and  164.  Aa  see  that  the  account 

cf  the  diffusivity  of  nuclear  boundary  considerably  changes  the  value 
of  sections;  the  agreement  of  the  calculated  and  experimen  ta  1 
sections  in  this  case  is  improved. 

Theoretical  sections  in  Table  163  and  164  include  the 

section  of  stripping  processes  when  one  of  the  nucleons,  entering 

the  nuclear  composition  of  deuterium,  the  protcn  or  the  neutron, 
flies  without  interaction,  ana  another  interacts  with  target  nucleus. 
Such  processes  automatically  are  considered  with  the  Monte-Carlo 
playing  off  of  nuclear  interactions  and  are  included  in  all  given 
below  calculation  data. 
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Table  163.  Sections  of  inelastic  Oeuteron-  nuclear  interac  t.  ions 
with  7'=rd/2  = 8o  NeV/nucleon,  barn. 


1 


Note.  A _ the  calculation  for  a nucleus  with  sharp  edge;  ~ 
the  calculation  taking  into  account  the  diffusivity  of  the  boundary 
of  target  nucleus;  c - is  the  calculation  taking  into  account  the 
diffusivity  of  the  boundary  of  target  nucleus  and  contribution  of  the 
diffraction  splitting/fission  of  deutercn;  \ are  experimental  data 
[40]. 

Key:  (1)  . Data. 
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Table  164.  Sections  of  the  inelastic  interactions  of  deuterons  with 
nuclei  with  T=T^/2=;1.Q5  iJleV/nucleoh,  barn. 


V ' ' 

MHlUCHb 


1 (•>)  TeopMS  1 

''in 

"Serb 

°st 

°'p  St 

1 ,24  + 0,04 
2,08-0,04 
4,05  + 0,18 

0,26 

0,34 

0,52 

0,84+0,06 

1,12+0,08 

1,62-^0,16 

0,41+0,03 

0,60+0,04 

1,12+0,12 

O.-iuT  [36] 


Key:  (1).  Target.  (2).  Theories.  (3).  Experiment  [36]. 


Page  634. 

Table  164  shows  that  the  calculated  by  us  sections  of  stripping’^ 
several  times  exceed  the  appropriate  values,  designed  in  serber’s 
approximation  serai-classical  formula  f5C] 

Userl)  “ Ojj  Serb  4’  Serb  ” “o'  “ “0“  ^0^^ 


by  Table  164  sections  oscrb  indicated  are  related  to  ro  = 1-3«10~i3 


DOC  = 771  06911 


PAGE 


cm.;  it  is  easy  t<j  see  that  by  a change  of  value  Cq  within  reasonable 
limits  it  is  not  possible  to  remove  disagreements  with  experiment. 

In  work  [36]  was  measured  only  the  part  of  the  section 
namely  -the  section  of  the  processes,  in  which  after  interaction 
with  nucleus  remains  high-energy  proton.  This  section  (in  Table  16h 
it  markedly  ‘V  «<)  is  the  sum  of  the  section  of  proton  stripping 
Op  si  and  the  sections  of  the  process,  during  which  the  neutron  of  the 
nucleus  of  deuterium  flies  without  int  erac*- ion , and  proton  after 
collision  with  target  nucleus  escapes  in  the  direction,  close  to  the 
initial  direction  of  the  motion  of  deuteron.  Theoretical  and 
experimental  sections  ct;,s(  will  agree  well  with  each  other. 

To  the  calculated  sections  one  should  still  add  the  section 

of  the  diffraction  and  coulomb  splitting/f  issicns  of  dautaron  an^ 

Section  for  diffuse  rdra-targer.  can  be  designed  by  the  method  of 

Yu.  A.Eerezhny  and  Ye.  V.  Inopin  [ 13].  The  corrected  thus  sections 
are  shown  in  Table  16U.  Corrections  for  diffraction  splitting/fission 
are  small  (for  copper  aj'nr,„  ~ 1 ,5“o,  for  the  nucleus  of  ura  ni  um  — 0.5“ 

As  concerns  coulomb  corrections,  their  calculation  for  a diffuse 
nucleus  it  is  fairly  complicated  problem,  especially  if  one  considers 
that  seme  of  the  free  nucleons,  which  were  being  formed  as  the  result 
of  the  splitting/fission  of  deuteron  in  the  region  of  the  diffuse 
boundary  of  nucleus,  can,  in  turn,  experience  nuclear  interactions. 
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Al^hotiijh  the  question  concerninq  allowance  for  diffraction  and 
coulomb  np  1 itt  inq/ f issions  requires  alsc  furthei.  study,  the 
comparison  of  the  calculated  and  experimental  data  (see  also  lower) 
it  indicates  that  in  that  which  is  exa inine/considered  by  us  the 
models  with  diffuse  nuclear  boundary  these  corrections,  apparently, 

are  not  essential. 

In  all  qiven  below  theoretical  data  of  correction  for 
diffraction  and  coulomb  spl itt i nq/f issi cns  they  are  not  considered, 
agreement  with  experiment  succeeds  in  obtaining,  also,  without  these 
corrections 

FOOTNOTE  In  experiments  on  the  photcemulsion  of  the  process  of 
diffraction  and  coulomb  spl itt in g/ f iss iens  virtually  not  at  all  they 
are  record/fixed.  ENDFOCTNOTE. 

Many  secondary  particles.  Table  1f)5  and  166  gives  the 
distributions  of  inelastic  interactions  according  to  the  number  of 
being  born  charged  particles,  and  in  Fig.  486  - the  dependence  of  the 
average  number  of  emitted  neutrons  on  the  mass  number  of  target 
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nucleus.  The  Jatu  Table  165  characterize  the  rapid,  cascade  staje 
deuteron-  of  nuclear  interaction;  Table  166  and  Fiy.  486  also  tase 
into  account  evaporative  staye-  In  all  cases  is  observed  the  fair 
agreement  of  experimental  and  calculated  values  for  both  values  of 
the  parameter  of  the  density  of  the  levels  of  excited 
residual-nucleus,  a = A/10  and  a = A/20  MeV~‘. 

It  should  be  noted  that  calculation  data  in  Table  165  and  166 
are  obtained  in  model  with  the  sharp  edge  of  target  nucleus;  the 
correct  account  of  the  diffusivity  of  nuclear  boundary  comparatively 
little  changes  these  calculations.  This  is  connected  with  the  fact 
that  the  photoemulsion  method,  which  was  being  applied  in  works  f5, 
53]  for  the  investigation  of  charged  particles,  substantially 
understates  the  contribution  of  the  distant  peripheral  interactions, 
which  are  accompanied  by  the  stripping  of  the  deuteron,  when  nucleus 
remains  in  the  weakly  excited  state,  and  the  formed  in  the  reaction 
of  stripping  free  proton  escapes  at  very  small  angle  to  the  direction 
cf  the  initial  motion  of  deuteron. 


r 
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Table  166.  Distribution  accordimj  to  the  number  of  rapid  protons 
(with  energy  ^ > 50  MeV)  in  the  stars,  formed  in  photoemulsion 

275-?1eV  by  deuterons,  o/o. 


*lnC.dO 

n;’oritHOB 

OiibiT  [5] 

(»' 

TtupHfl 

0 

47,9  i-3,5 

45,8-+-3,4 

1 

46,8j;3,5 

50,3±3,6 

2 

5,3±1,1 

3,9±I,0 

1 

Key;  (1).  Number  of  protons.  (2).  Experiment  [5].  (3).  Theories. 
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Such  events  in  photoem ulsion  it  is  very  difficult  to  record,  and  the 
experimental  data  better  will  agree  with  the  cascade  model,  which 
does  not  consider  the  diffusivity  of  nuclear  boundary.  If  we 

_ introduce  the  appropriate  discrimination,  also,  into  the 

I 

• 

! calculations,  which  consider  the  diffusivity  of  nuclear  boundary, 

then  their  results  will  be  in  a good  agreement  with  photoemulsion 

r 

L data  and  within  the  limits  of  statistical  errors  they  will  coincide 


with  the  results,  ootained  in  the  approach/approximation  of  the  sharp 
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boundary  of  nucleus.  However,  for  obtaining  the  agreement  of  the 
calculatel  and  experimental  values  on  Fig.  486  it  is  completely 
necessary  to  consider  the  diffusivity  cf  target  nucleus. 

Energy  and  angular  distributions.  The  given  in  Fig.  467  and  487 
spectra  of  the  secondary  protons,  measured  in  photoemulsion,  will 
agree  well  with  the  calculation,  if  we  again  reject/throw  the 
contribution  of  the  stripping  particles,  which  appear  during 
peripheral  interactions  cn  boundary.  (Especially  is  significant  in 
this  respect  the  iistribution  in  Fig.  487b,  which  relates  to  the 
rapid  particles,  emitted  at  small  angles  0-,^  10°,  and  nevertheless 
well  agreeing  itself  with  theoretical). 

By  very  sensitive  to  the  portion  cf  stripping  processes 
characteristic  are  the  energy  spectra  of  particles,  measured  at  small 
angles. 
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Table  Ifib.  Distribution  according  to  the  number  of  ray/beams  in  the 
stars,  formed  by  ieuterons  in  photoemulsion,  o/o.  The  cases  A and  & 
are  designed  respectively  for  the  parameters  of  the  density  of  levels 
a = A/10  and  a = A/20  rieV-‘. 


Mhc-to 
.lyneft  n 

T = Tj/2  =110  M36/HyK.WH  ' 

T = r^/2  =:  137.5 

OilUT 

TcOpMfl  ' ' 

OnuT  [5] 

TeopHH  (y 

A 1 

B 1 

A 

B 

0 

i 

G,0  i 0,5 

1 

5,0±0,5 

23,5+5,3 

10,4+0,7 

7,4+ 0,6 

1 

12,S  ' 0,9 

22,4  + 1,0 

21,0+1,1 

21,2+5,0 

l5,8-+0,9 

17,01  1,0 

2 

33,2-1,5 

29,9  11,9 

26,5+1,8 

22,4-1-5,1 

17,5-+1 ,0 

23,4+1,1 

3 

22,0-1,2 

23,8  1-1,5 

22,2+1,1 

16,5+4,4 

22,5+1,1 

18,0+1,0 

4 

16,5-1,0 

14,2+1,0 

15,9+1,0 

9, 4-1-3, 3 

17,5+1,0 

15,5+0,9 

5 

10,5-0,8 

6,7-  0,5 

8, 5-1-0, 6 

4, 7+2, 3 

10,0+0,7 

11,0-1-0,7 

6 

3 , 0 - 0 , 5 

2,1  ^ 0,3 

3,7±0,4 

2,3  1 I ,6 

4, 5-1-0, 4 

5, 2+0, 4 

7 

2.0-t-0,4 

0,6-- 0,1 

1,5  +0,2 

0 

1 ,3+0,2 

1,6-4  0,2 

8 

0 

0,3  + 0, 1 

0,7+0, 1 

0 

0,5  +0,1 

0.6-^0,l 

9 

1 

' 

0 

— 

0.3  - 0,1 

Key:  (1).  Number  of  ray/beams  n.  (2).  MeV/nucleon.  (3).  Experiment 
[53]  I . O) 


FOOTNOTE  *.  In  work  [53]  were  net  examined  the  events 


in  which  are 
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formed  the  only  neutral  particles  (n  = 0 ; therefore  theoretical 
distributions  are  calibrated  to  the  total  number  of  stars  with  n > 0. 


Fig.  486.  Average  [number]  the  neutrons,  which  are  formed  in 
inelastic  deuteron-  nuclear  interaction  with  T’d  =•  160  MeV; 

A,  the  mass  number  of  target  nucleus.  The  shaded  region  corresponds 
to  the  values  "»>■  calculated  for  the  parameters  of  tne  density  of 


] 

< 
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levels  1 = (A/10)  - (A/20)  l**oV~‘;  experimental  points  are  related  to 

primary  beam  of  Jeuceroiis  with  energy  reV;  however,  as  a 

result  of  ionizing  losses  in  the  thic)c  targets,  which  were  being 
utilized  during  measurements  [20],  effective  energy  deuteron-  of 
[ nuclear  interactions  r^=^'6o  ^eV. 


Page  6 3fi. 

Such  spectra  are  depicted  on  Fig.  488  and  489  for  interactions  with 
the  nucl^*!  of  uranium  and  carbon.  In  both  cases  the  agreement  of 
• theory  with  experiment  sufficiently  good  - considerably  better  than 

j for  the  calculations,  executed  in  approximation  of  the  sharp  boundary 

^ of  nucleus. 

I 

It  focuses  on  itself  attention  on  the  sensitivity  of  the  results  of 
! calculations  to  a cnange  in  the  parameters  of  the  distribution  of 

\ Vuds  - Sakson 

P(0=Po{H 

I 

i 

used  by  us  for  the  description  of  the  density  of  intranuclear 
. nucleons.  As  can  be  seen  from  Fig.  489,  even  a comparatively  small 
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change  in  parameters  a and  c noticeably  makes  agreement  worse  with 
experiment- 

Tabls  167  ani  168  with  experiment  compares  the  results  of  the 
calculation  of  the  angular  characteristics  of  neutrons  and  protons, 
which  appear  in  inelastic  deuteron-nuclear  collisions  with  low  energy  T 
= 17-95  Me V/nucleon , but  in  Fig.  468  and  481  - the  angular  and  energy 
distributions  of  the  secondary  protons  during  T = 1.05  Ge? /nucleon  - 
only  known  at  present  high-energy  data.  Agreement  with  experiment  in 
all  cases,  even  with  T = 17  and  45  MeV/nucleon  completely 
satisfactory. 

Conclusions.  Thus,  the  described  in  chapter  4 cascade  model 
makes  it  possible  to  obtain  satisfactory  agreement  with  all  known  now 
experimental  data  on  inelastic  deuteron-  nuclear  interactions  with 
energies,  large  several  dozen  \:o  megaelect ronvolts  per  nucleon.  This 
it  proves,  that  such  interactions  occur  by  the  imposition  of  the 
cascade/stages,  initiated  by  the  nucleons  of  the  nucleus  of 
deuterium.  The  interference  of  the  cascade/stages,  when  with  one  and 
the  same  by  intranuclear  nucleon  occurs  the  interaction  of  the  rapid 
particles,  which  belong  to  the  cascade/stages,  initiated  both  proton 
and  the  neutron  of  the  irapirginq  nucleus  of  deuterium,  is  negligible. 
The  latter,  however,  to  a considerable  degree  is  caused  by  the 
relatively  greater  average  distance  between  nucleons  in  the  nucleus 
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of  deuterium;  during  the  interaction  of  more  heavy  nuclei  this  can 
tender/shov  not  thus. 

The  decomposition/decay  of  the  excited  residual-nucleus  is 
described  well  by  the  usual  theory  of  evaporation. 


Fig.  487.  The  energy  spectrua  of  the  rapid  protons,  which  are  formed 
during  interaction  with  the  phot oe mu Ision  cf  deuterons  with  energy  T 
= 110  MeV/nucleon; 

a)  all  protons  with  energy  5-  > 50  MeV;  b)  the  protons,  which  escape 
at  angles  6^  10°;  1 - the  calculation  for  the  medium  nucleus  of 

photoenulsion  ^“Ga,  2 are  experimental  data  from  work  [53]. 

K ‘ (j  ) . fv\  e.  v/ . 
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Tables  167.  Width  of  the  angular  distributicn  of  the  neutrons,  which 
are  foraed  during  the  interaction  of  deuterons  with  different  nuclei 
during  energy  r=  rd/2  = 95  HeV. 


c») 

®Vf 

(a)  Teopii*  1 

Onul^  i 

HAi 

9,0±1,5 

9»3±0,5  ^ 

*?JTa 

11, '^±1, 5 

11,4+0,5 

«’Pb  • 

1I,6±1,5 

11,7+0,5 

*au 

12,6+1,5 

12,0±0,5 

Key:  (1).  Nucleus.  (2).  deg.  (3).  Theories.  (4).  Ezperieent  *. 

FOOTNOTE  The  corrected  values  calculated  by  foraula  (11.1),  which 
apfroziaates  the  ezperiaental  data  in  work  [ 30  ].  pc>c>  t * 


Page  637. 

For  the  energy  distributions  of  the  being  born  nucleons  is 
characteristic  the  peak  in  region  7"=  T,/2. 
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designed  for  a = A/20  MeV~‘.  With  T = 17.5  MeV/nucleon  the 
calculation,  it  is  understandatl e,  it  has  only  tentative  value.  Since 
comparison  conducts  with  photoemulsion  data,  is  reject/thrown  the 
contribution  of  particles,  which  are  formed  as  a result  of 
interactions  at  the  distances,  greater  than  nuclear  radius  R- 


Key:  (1).  deg.  (2).  MeV/nucleon.  (3),  Experiment  [26].  . (4). 
Theories. 
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Fig.  488.  The  energy  spectcua  of  the  protons*  which  are  forned  in  the 
inelastic  interaction  d ♦ *3«u  with  = 190  HeV: 

0 is  an  angle  of  emission  of  proton  in  the  laboratory  coordinate 
system;  continuous  histograms  - the  results  of  the  calculation  taking 
into  account  the  diffusivity  of  the  boundary  of  nucleus;  dotted  line 
is  the  calculation  in  the  approach/approximation  of  the  sharp  edge  of 
nucleus  without  taking  into  account  of  diffraction  and  coulomb 

splitting/fissions;  by  shading  are  shown  to  an  error  in  the 
experimental  data  from  work  [511- 

Key;  (1).  MeV. 


Page  6 38. 

The  particles,  driven  out  from  nucleus  by  rapid  deuteron,  are 
strongly  collimated  in  the  direction  of  the  motion  of  this  deuteron. 
During  passage  to  heavier  target  nuclei  the  angular  distribution  of 
rapid  nucleons  widens  itself,  which  is  connected  with  the  large 

number  of  intranuclear  interactions.  In  comparison  with  nucleon  and 
pion  nuclear  interactions  in  the  case  of  interactions  d > nucleus 
considerably  more  essential  turns  out  to  be  the  diffusivity  of 
nuclear  boundary.  If  this  diffusivity  is  does  not  considered,  then 
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with  theory  it  is  possible  to  natch  only  average  characteristics,  or 
rough  measurements  in  photoemulsion;  all  values,  which  relate  to  the 
region  of  small  angles,  they  are  obtained  by  substantially 
understated.  Corrections  for  diffraction  and  cculonb 
splitting/fissions  turn  out  to  be  not  important;  however  this 
question  requires  even  more  careful  study. 

One  should  also  expect  that  in  the  same  way  as  this  occurs  in 
the  case  of  pion-  and  nucleon- nuclear  collisions,  the  exaained 

mechanism  of  the  inelastic  interactions  of  deuterons  with  nuclei  must 
undergo  change  with  energies  T = 7',/2  > 5 


Ge  Vnucleon. 
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Pig.  489.  The  energy  spectrum  or  the  protons,  which  are  formed  in  the 
inelastic  interaction  d ♦ with  = 190  HeV: 

0 - the  angle  of  emission  of  proton  in  the  laboratory  coordinate 
system;  continuous  histograms  are  the  calculation  for  the  values  of 
the  parameters  a = 0.50»10“*3  cm.  and  e = 0.98  cm., 

obtained  for  a nucleus  in  the  experiments  of  Khofshtadter ; dotted 

line  is  the  calculation  with  parameters  a = 0.545*10~»3  cm.  and 
= 1.05  A cm.  With  dotted  line  are  noted  errors  in  the 

experimental  data  from  work  [51]. 


Page  639. 


§113.  Calculation  of  the  inelastic  collisions  of  a-particles  with 
nuclei. 


Prom  theoretical  point  of  view  such  a calculation  is  of 
paramount  interest  as  example  of  interaction  with  the  nucleus  of  very 
compact  multinucleon  system;  this  is  very  important  also  in  practical 
relation,  since  about  6o/o  of  cosmic  radiation  compose  high-energy 
a-particles.  At  the  same  time,  is  known  at  present  altogether  only 
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cne  week  of  A.  I.  Vikhrova  et  al.  [61],  in  which  is  undertaken  an 
attempt  at  the  calculation  of  inelastic  collisions  a ♦ nucleus.  The 

] 

examined  in  work  ’61]  cascade  model  is  very  simplified,  during 

i 

calculations  used  a series  insufficient  justified  assumptions,  J 

j 

nevertheless  the  results  of  this  work  make  it  possible  to  determine  ^ 

J 

those  point/items  of  the  cascade  theory,  which  turn  out  to  be  most 
essential  in  its  propagation  in  the  case  of  the  inelastic  collisions 
cf  two  nuclei. 

3 

Model  of  the  intranuclear  cascade,  initiated  by  a-particle.  For 
the  calculations  in  work  [61]  is  applied  cascade-  evaporative  model 
in  the  approach/ap prox imation  of  the  sharp  edge  of  target  nucleus.  A 
radius  of  this  nucleus  is  set/assuroed  by  equal  to  1.3  X 
cm.  The  potential,  which  acts  on  a-particle  within  nucleus,  is 

approximated  by  square  well  40  MeV  deep.  By  the  interference  of  the 
cascade/stages,  caused  by  the  separate  nucleons  of  the  impinging 
a-particle,  it  is  disregarded. 

The  essential  simplification,  used  in  work  [61],  will  be  that 
that  during  all  interactions  with  nucleus  the  impinging  a-particle  is 
considered  as  unit,  in  difference,  for  example,  from  the  examined 
above  model  of  the  deuteron  collisions,  where  ir  certain  cases  with 
the  nucleus-target-target,  having  the  sharply  designating  boundary, 
can  interact  only  one  of  the  nucleons,  forming  part  of  deuteron.  As 
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we  will  see  below,  the  neglect  of  the  structure  of  a-particle  is  ] 

reason,  why  some  values,  designed  in  worh  [61],  strongly  differ  from  ; 

the  experimental.  The  processes  of  the  coulcab  and  diffraction  j 

splitting/fissions  of  a-particles  in  work  f 61  ] also  are  not  examined. 

During  calculations  were  accepted  into  consideration  both  the  elastic 
and  inelastic  collisions  of  a-particles  with  the  nucleons  of  target 
nucleus.  The  type  of  collision  is  determined  by  the  value  of  the 
relation  of  sections  a,„  (aA^)  and  a,i  (aA^),  the  determined  from  analysis 
known  experimental  data  at  different  energies  in  this  case  the 
properties  of  the  interactions  of  a-particles  with  protons  and 
neutrons  are  considered  identical. 

FOOTNOTE  *,  Sections  a (aN)  and  a (Na)  differ  only  in  terms  of  the 
selection  of  the  system.  ENDFOOTNOTE. 

The  angular  distributions  of  the  scattered  a-particles  from  elastic  a 
- N-collisions  also  are  determined  on  the  basis  of  the  approximate 
approximation  of  known  now  experimental  points.  In  the  calculation 
inelastic  a - N-collisions  are  included  the  channels 


Collisions  with  tho  formation/education  of  deutetons  in  view  of  the 
loose  coupling  of  nucleons  in  deuteron  separately  are  not  examined; 
in  all  cases  deuteron  is  represented  as  totality  of  two  separate 
nucleons,  but  the  section  of  such  reactions  is  related  to 
corresponding  channels  (l)  - (Hi). 

The  relationship/ratio  of  the  pro habilit ies  of  channels  (I)  - 

(III)  was  estimated  on  the  basis  of  the  experimental  data  the 

relating  to  energy  nucleons  T = 90  MeV,  that  corresponds  to  energy  of 
o-particles  outside  nucleus  ~ 360  MeV.  Since  such  data  with 

other  energies  now  it  is  unknown,  the  authors  [61]  were  forced  to 
make  a rough  assumption  about  the  fact  that  the  relationship/ratio 
between  channels  (I)  - (III)  does  not  depend  on  energy. 

I ; 

f 

r . 
f 

! 
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The  subsequent  behdvior  of  the  fotmod  as  a result  of 
intranuclear  collisions  nuclei  t,  ’He  and  ♦He  also  is  exaained  within 
the  framework  of  casca  le  mechanism.  The  calculations  here 
substantially  are  impeded  by  the  extreme  meagetness  of  the 
experimental  data  on  interactions  t ♦ N and  ’He  ♦ N. 

Page  640. 

A deficiency/lack  in  the  experimental  information  it  was  necessary  to 
complete  to  some  assumptions  whose  validity  can  be  checked  only  by 
the  comparison  of  the  results  of  the  calculation  with  experiment. 
Specifically,  it  is  assumed  that  the  relation  of  sections  ‘’in/0,1  and 
the  angular  distribution  of  the  elastic  scattered  particles  in 
collisions  t t N and  ’ Ne  ♦ N the  same  as  for  collisions  a ♦ N *. 


FOOTNOTE  >.  Certain  justification  to  this  assumption  is  that  observed 
in  experiment  during  T = 66C  MeV  the  angular  distributions  of  protons 
in  the  reactions  of  elastic  scattering  on  nuclei  ’He  and  'He  in  the 
margins  of  error  in  the  measurements  coincide  with  each  other;  with 
ether  energies  the  experimental  data,  unfortunately  when  they  are 


absent.  ENDFOOTNOTE, 
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During  the  calculation  of  the  inelastic  collisions  of  nuclei  t and 
^He  are  considered  the  reactions 

N-^2nAr  p + N\  (IV) 

’He  + A/-^2p-I-n  + A^  fV) 

and  it  was  considered  that  secondary  particles  in  the 
center-of-gr avity  system  have  isotropic  angular  distribution  and 
identica 1 mo me ntum/im  pulse/pulse. 

The  :;alculation  of  the  evaporative  stage  of  process  in  work  [56] 
is  made  for  the  parameter  of  the  density  of  levels  a = 0.15  MeV~i. 

Results  of  the  calculation.  Table  169  gives  the  sections  of  the 
inelastic  interactions  of  a-particles  with  several  light/lung  and 
heavy  nuclei.  These  sections  are  considex ably  less  than  the  values, 
determined  with  the  aid  of  semi-rational  formula  (1.12),  and  the 

experimental  values,  measured  for  close  nuclei  (see  §4)  with  T a, 

50-100  MeV/nucleon.  Differences  are  wholly  caused  themes  that  during 
calculations  were  taken  into  account  the  size/dimensions  of  the 
impinging  a-particle,  as  a result  of  which  will  turn  out  to  be  those 
which  were  lost  all  the  interactions  with  impact  parameters  R < p < Hf 
♦ /?„,  where  Ra  is  the  mean  radius  of  a-particle  (see  note  on  page 
632)  . 

In  Fig.  490  for  different  angular  intervals  are  compared  the 


r — • 

r 
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calculated  and  experimental  spectra  cf  protons  cPa/d'j'dO.  Although  j 

the  calculation  is  very  rough,  theoretical  histograms  on  the  whole  j 

badly/poorly  do  not  transfer  the  course  of  experimental  curves;  j 

considerable  diffarences  are  observed  only  in  the  left  lower  figure  - 1 

in  the  case  of  interaction  a + ‘o*Ag  at  0 = 0-65°.  ] 
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Table  169.  Sections  of  the  inelastic  interactions  of  a-particles  with 
nuclei,  designed  in  the  work  of  A.  I-  Vikhrova  et  al.  [61],  mb. 


Key:  (1).  T,  MeV/nucleon. 

Table  170.  Output/yield  of  particles  of  the  different  types  in 
inelastic  collisions  a ♦ z^Al  and  a + ^o*Ag  with  T = 51.3 


WeV/nucleon,  mbarn/ster. 


Wi 

e =*  c 

1 ; 65* 

1 6—100^180“ 

CeseHNC 

^■A\ 

lof  Ag 

2’Al 

1 Jof*Ag 

o(p) 

0(0 
o(3He) 
o (^He) 

180  (277) 
12,5(11,5) 
14,5(10,6) 
58,0(138) 

342 (304) 
20,4(10,1) 
21,6(8,37) 
81,6(104) 

77,3(94,5) 
3,9(3,66) 
2,1  (1,63) 
16,9(34,5) 

1 , 

108(104) 

2,4  (4,1) 

0,394(0,835) 

7,5(43) 

i 

i 
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Note.  In  brackets  are  shown  the  experimental  data  from  work  [7]. 

Key;  ( 1)  . Sect  ion. 

Page  641. 

In  Table  170  for  the  same  angular  intervals,  as  Fig.  490,  gives 
the  sections  of  the  formation/education  of  protons,  a-particles  and 
the  heavier  fragments 

6l  ^ MaKC 

e,  t 

From  this  table  it  is  evident  that  for  angles  0 = 100-180°,  where 
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escape  in  essence  the  evaporative  particles,  the  agreement  of 
calculation  data  with  experiment  sufficiently  good,  with  the 
exception  of  the  output/yield  of  a-particles,  which  proves  to  be 
considerably  lower  than  measured  on  experiment.  For  particles,  which 
escape  at  angles  0 = 0-65®  and  connected,  mainly,  with  the  cascade 
stage  of  process,  the  agreement  is  considerably  worse,  especially  for 
a-particles  and  fragments  t and  ^He- 


(i‘6  nSapH  (i) 
dSidt'cmep-MaO 

h A 


a*"M. 


ff=lD0°rU0’ 


8=100  r 180 
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Fig.  490.  Energy  distribution  of  the  protons,  which  are  formed  during 
the  interactions  of  a-particles  with  the  nuclei  of  aluminum  and 
silver  during  T = 51.3  HeV/nucleon  and  escaping  into  the  determined 
interval  of  angles  0; 


1 - calculation  [6  1];  2 - the  experimental  data  [7], 


(1).  mbarn/ster •Me V. 


1 

k,' 


Page  642. 


Disagreements  with  experiment  are  caused  tcth  inaccuracy  in  the 
sections,  used  in  work  [61],  and  by  deficiency/lacks  in  the  used 
version  of  cascada  model,  especially  by  neglect  of  the  contribution 

of  peripheral  interactions  in  ragicn  R < p < B ♦ Ra-  The  Latter 
understates  also  the  output/yield  of  protons.  Figure  491  shows  total 
angular  distribution  of  all  charged  particles,  which  are  formed  in 
the  photoemulsion,  irradiated  by  a-particles.  Is  distinctly  evident 
the  noticeable  excess  of  the  experimental  output/yield  of  particles 

in  the  region  of  small  angles.  This  also  to  a considerable  degree 
occurs  due  to  neglect  of  the  contribution  cf  peripheral  interactions, 
as  a result  of  which  are  lost  all  the  collisions,  during  which  with 
target  nucleus  interacts  only  the  part  of  the  nucleons,  entering  the 
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composition  of  a-particle,  but  other,  in  free  cr  in  bound  state, 
flie3  by  virtually  in  the  same  direction,  as  primary  o-particle. 

Rough  estimates,  made  in  the  work  of  A.  I.  Vikhrova  et  al.  [6  1], 
show  that  the  fundamental  characteristics  of  the  inelastic 
interactions  of  a-  part  with  poisons  can  be  explained  within  the 
framework  of  cascade-  evaporative  model,  if  one  takes  into  account 
the  diffusivity  of  nuclear  boundary  (but  in  model  with  sharp  edge  - 
the  size/dimensions  of  the  most  impinging  o-particle).  For  a more 
detailed  agreement  with  experiment  is  required  also  the  refinement  of 
the  properties  of  the  elastic  and  inelastic  interactions  of  nuclei  t, 
^He  and  ♦He  with  intranuclear  nucleons. 

As  in  the  case  nucleon-  and  pion-nuclear  collisions,  for 
agreement  with  the  experiment  of  the  output/yield  of  o-particles  and 
heavier  fragments  it  is  necessary  to  consider  to  the  cluster 
structure  of  target  nucleus. 


§119.  Calculation  of  the  collisions  of  heavy  nuclei. 


The  analysis  of  the  experimental  data  shows  that  in  the 
collision  of  two  high-energy  nuclei  it  is  possible  to  isolate  the 
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rapid  stage  of  process,  which  is  accompanied  by  the 
forma t ion/ed uca tion  of  a large  guantity  of  shower  particles  and 
particles  of  lower  energy,  which  are  characterized  by  gray 
photographic  tracks,  and  the  slower  stage,  connected  with  the 
decomposition/decay  of  the  excited  residue/temainders  of  the 

impinging  nucleus  and  target  nucleus.  Upon  decay  of  the 
residue/remainder  of  target  nucleus  escape  low-energy  particles  with 
black  photographic  tracks;  the  particles,  connected  with  the 
decomposition/decay  of  the  residue/rema indet  of  the  impinging  nucleus 
as  a result  of  purely  kinematic  effect  turn  out  to  be  in  the 
laboratory  coordinate  system  rapid  and  are  a part  of  shower 
particles.  The  rapid  stage  of  the  interaction  of  two  nuclei  in  its 
properties  differs  significantly  from  nuclecn-  nuclear  interaction; 
the  property  of  slow  stage  in  both  these  interaction  modes  are 
sufficiently  similar. 


The  most  essential  feature  of  the  inelastic  interactions  of 
nuclei  is  that  in  process  takes  part  the  large  number  of  nuclecns  of 
the  impinging  nucleus,  each  of  which  gives  rise  to  within  target 
nucleus  the  cascade/stage  of  secondary  particles. 
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Fig.  491.  The  angular  distribution  of  the  number  of  the  charged 
particles  (into  relative  units),  which  are  formed  during  the 
interaction  of  and-  particles  with  energy  T = 95  MeV/nucleon  with  the 
light/lung  and  heavy  nuclei  of  the  photoemulsion; 

1 - the  experimental  data  [59];  2 - calculation  [61]  respectively  for 
nuclei  '♦N  and  '»*Nb. 


Key:  (1) 
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If  the  collision  of  nuclei  occurs  with  impact  parameter  p,  then  the 
average  number  of  nucleons  cf  the  impinging  nucleus,  which 

participate  in  interaction. 


PAGE 


— oo 

•foo 

where  ^ p,  z)  dz  _ average  number  of  collisions, 

— c» 

which  it  sxperienoe/tests  nucleon,  moving  along  the  direction  of  the 
motion  of  primary  nucleus  (this  direction  is  selected  as  z axis);  a 
is  section  N - N-i n teraction;  da  and  du  - nucleon  distribution  in 
the  impinging  nucleus  and  in  target  nucleus. 

Figure  492  shows  the  estimation  of  function  Nb  (p)  for  the 
collisions  of  different  nuclei^  obtained  by  Alexander,  etc.  [2].  In 

actuality  the  number  of  collisions  (p)  even  is  somewhat  more, 
since  the  impinging  nucleons  can  experience/test  both  inelastic  and 
elastic  collisions  within  target  nucleus.  (In  werk  [2]  it  is 
considered  that  o = 30  mb,  i,  e. , a ca  (j]„  (NN).  ). 


On  the  average  during  inelastic  ccllision  with  the  nucleus  of 
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photoemuls ion  it  participates 


Nh  - - 2n  2 OH.iVMi  5 (f)  P d{>l  2 

i 0 ‘ 


(11-3) 


the  nucleons  of  the  impinqing  nucleus.  Here  <’»■  is  a section  of  the 
inelastic  interaction  of  the  impinging  nucleus  with  the  nucleus  of 
the  i type,  which  forms  pact  of  phot  oeinuls  ion ; - the  number  of 

nuclei  of  the  i type  in  1 cm 3, 

Values  for  different  space  nuclei  are  given  in  Table  171,  As 

is  evident,  in  collision  participates  the  considerable  number  of 
nucleons.  In  connection  with  this  now  it  is  possible  to  indicate  in 
any  case  three  basic  questions,  on  solution  of  which  depends 
substantially  the  further  development  cf  the  theory  of  the  inelastic 
interactions  of  two  nuclei  [9], 

1.  As  to  consider  a change  in  the  properties  of  nucleus-target 
with  its  filling  with  the  nucleons  of  the  impinging  nucleus  and  how 
substant iall y this  change  will  pronounce  on  cascade  calculations? 

2.  Which  contribution  does  give  the  interference  of  the 

cascade/stages,  ganerated  by  the  different  nucleons  of  the  impinging 
A/  uC.  I t)  S . 


Table  171.  Number  of  nucleons  of  the  impinging  nucleus,  which 
experience/test  inelastic  interaction  with  the  nucleus  of 


photoemulsion  with  energy  T ^/GeV/nuc^on  * 
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splitting/ fissions  of  the  impinging  nucleus  during  peripheral 
collisions  (especially  in  model  with  the  sharp  edge,  where  part  of 
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it  is  possiole  to  hope  that  the  methods  of  the  calculation  of 
the  inelastic  collisions  of  deuterons  and  a-particles  with  nuclei  be 
managed  comparatively  simple  to  propagate  on  somewhat  more  heavy 
nuclei.  Nevertheless  to  the  present  time  it  is  made  still  not  of  one 
cascade  calculation  of  the  inelastic  collisions  of  nuclei  with  charge 
7.  >y  3, 
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